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FOREWORD

This is the final report of contract NAS 3-17817 entitled '"Evacuated Load-Bearing
High Performance Insulation Study." The work was conducted for the National Aero-
nautics and Space Administration through the NASA/Lewis Research Center, Cleveland,

Ohio, Mr. James R, Barber, Program Manager.

The Lockneed Palo Alto Research Laboratory conducted the program within the Thermo-~
physics Group of the Materials Sciences Laboratory. Key individuals who contributed

to the success of this program and their contributions are as follows:

Mr. George R. Cunnington, Jr. — Provided technical consultation plus test program
direction and aralysis (Tasks V and VI)

Mr. Ed Cavey —  Analyzed and laid out the forming dies, test
article and Space Tug designs

Mr. Al Lindahn Jr. —  Performed the development tests, test article
assembly, test setup, and testing

Mr. Carl Jernberg — Aided in the test setup

Mr. Tom Bechdoldt —  Fabricated the forming dies

Mr. William A. Bailey — Directed the stretch and hydropress forming

Mr. Charles L. Hovey — Supervised the jacket welding

Mr. Charles R. Arnold —  Gold coated the tank and jacket

Some of the technical data on the microsphere insulation performance and jacket design
concept were developed under Lockheed Independent Technology Programs prior to

and concurrent with this program. These data include:

® Flat plate conductivity tests of microspheres as a function of temperature,
gas pressure, and compressive load with up to a hundred 1-atmosphere
load cycles

® Development of the microsphere insulation thermal model

® Microsphere gas flow conductance data

iii
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® Gas fluidization method of microsphere transfer (that was demonstrated
on this program)
® Development of and demonstration of the jacket design concept in a flat panel

configuration (which was repeated on this program with a larger panel)

The results of this program and a complete description of the lightweight, high-

performance microsphere insulation/flexible vacuum jacket system are provided in

this_report.
Richard T. Parmley
Principal Investigator
iv
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Section 1 |
SUMMARY AND INTRODUCTION

1.1 SUMMARY

A new type of light-weight, vacuum-jacketed, load-bcaring cryogenic insulation

system was developed and tested on a 1.17-m (46-in.) spherical test tank., The

vacuum jacket consists of 0,08 mm (0.003 in.) thick 321 stainless steel formed into

a wedge design that allows elastic jacket movements as the tank shrinks (cools) or
expands (warms up or is pressurized). Hollow glass spheres, approximately 80 um

in diameter with a bulk density of 0.069 g/cc (4.3 1b/ft3), provide the insulating qualities
and one-atmosphere load bearing capability required. This design, fabrication, and

test effort developed the manufacturing methods and engineering data needed to scale

the system to other tank sizes, shapes, and applications.

Specifically, the program demonstrated that thin-wall jackets can be formed and
welded to maintain the required vacuum level of .013 Pa yet {lex clastically for
' multiple reuses. No significant shifting or breakage cf the microspheres occurred
} after 13 simulated Space Tug flight cycles on the test tank and a hundred 1-
{ atmosphere load cycles in a flat plate calorimeter. The test data were then scaled
| to the Space Tug LO2 and LH2 tanks, and weight, thermal performance, payload
performance, and costs were compared with a helium-purged multilayer insulation
system.

The Space Tug thermal performance of the insulation under l-atmosphere load is
outstanding with a conductivity of 3.8 x 1073 W /m °K 2.2 x 107" Bu/hr ft°R), 280 “
to 20°K., Under no load, the measured thermal conductivity drops to 2.7 X 10-4
W/m°K (1.6 X 10-4 Btu/hr ft°R), 222 to 20°K. Since approximately 80 percent
of the no-load heat transfer is by radiation, significant reductions m conductivity

appear reasonable with design improvements in the insulation,

1-1
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Applications where the low-~weight and good thermal performance under varying
external loads make this system attractive include the Space Tug, Single-Stage-to-

Orbit Shuttle, L112 fueled aircraft, and LNG storage and transportation.

1.2 INTRODUCTION

The next generation of reusable space vehicles, such as the LOZ/LH2 Space Tug, must
perform both within and outside the atmosphere. To prevent condensation of atmos-
pheric gases within the insulation when the tanks are cooled to cryogen temperature,
noncondensible gases such as helium must be substituted for air (helium-purged sys-

tem) or the air must be removed (vacuum-jacketed system).

From an operational simplicity and cost effectivencss viewpoint, vacuum-jacketed
insulation systems are more desirable than gas-purged systems, since the latter must
be purged on the ground, vented during ascent, and repurged during reentry and on
landing for a specified period.

In addition, results of a test program (Ref . 1-1) have shown multilayer systems

must initially be baked out 1n vacuum and must then be Kept in either a dry gas or a
vacuum environment at all times to achieve repeatable thermal performance. This
requirement increases the cost, as well as the manufacturing and operational com-
plexity of a gas-purged system, whereas the preconditioning treatment is required

only once for a vacuum-jacketed system.

On the other hand, the major problems associated with a vacuum-jacketed insulation
system arc: (1) maintenance of an adequate vacuum level throughout the life ot the
system and (2) reducing the system weight so it is competitive with the gas-purged
system.

Prior attempts at developing a flexible, load-bearing insulation vacuum jacket system

(Refs. 1-2, 1-3) have not been entirely successful because jacket materials, constructed

1-2
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of plastic/metal foil Iaminates, were allowed to expand and contract in an unconticice ‘
fashion as the tank dimensions change during cryogen fill or tank warmup, The re-
sulting three-corner folds and pinhole leaks prevented obtaining the required low
pressure of 0013 Pa. In addition, the insulation compresscd under load requiring
greater flexure capability of the jacket and the multilayer thermal performance de-
graded with load cycling. The high use of plastic materials, both in the jacket, and

in the multilayer insulation system also prescnts an out-gassing problem. Usc ol
inorganic powders does not solve the problem becausce they pack under load due to their

irregular shape, causing the heat rates to increasec.

A new hollow-glass microsphere load-hearing insulation and flexible stainless-stecl
jacket concept developed on this program overcomes the deficiencies noted for the
previously tested plastic/metal laminate vacuum-jacketed, multilayer-insulation !
system concepts. The stainless-steel jacket, formed with a controlled clastic biaxial

flex design as shown in Fig. 1-1, permits maintenance of a low insulation pressure

for long periods of time. Use of organic materials in the insulation system is kept to

a bare minimum and the nature of the glass microspherc insulation allows it to he

thoroughly vacuum baked out at considerably higher teruperatures than is possible if it “
were installed on the aluminum tank first. In addition, the required insulation pres- ’
surc of .013 Pa under no load and 1.2 Pa under 1-atmosphere load is one to three
orders of magnitude above that required of multilayers (.0013 Pa). The weight of

the system is threec times lighter than the most advanced vacuum-jacketed design
demonstrated to date, a free-standing honevcomb hard shell with @ multilayer insulation
system,and is competitive with a helium-purged, multilayer inswlation system. Its |
outstanding thermal performance under load, low- and high-tempevature capability 1‘
up to 480°C (900°F), nonflammability, nontoxic products in casc of a fire. multiple )
thermal cycling capability without jacket leakage or change in thermal performance, :
and low weight makes the system concept a leading candidate for other reusable

applications .
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The major objective of this program is to provide the necessary technology advance-
ments required to demonstrate the design characteristics and thermal performance
of the microsphere insulation/flexible metal vacuum jacket system on a subscale tank

(for reusable space vehicle applications such as the Space Tug).

This major objective can be subdivided into the following secondary objectives:

e Define the optimum design approach and associated analytical techniques

e Demonstrate the manufacturing techniques necessary to fabricate, assemble,
inspect, and repair a subscale system

e Demonstrate the installed thermal performance of the subscale system as a
function of boundary temperatures, compressive load, insulation gas pres-
sure, and multiple reuse cycles

e Demonstrate the ability of the subscale system to maintain an adequate vacuum
level, structural integrity, and minimal shifting of the insulation after multiple
reuse cycles

e Provide sufficient data to scale the thermal, weight, payload performance,
manufacturing, and cost results to full-scale LOg and LH2 tanks of the Space
Tug for direct comparison with a helium-purged multilayer insulation system
defined in Ref. 1-4.

To achieve these objectives, the program was subdivided into seven tasks which were

performed chronologically.

However, to prevent repetition and provide a logical flow of information from one scc-
tion to another in this report, the Task descriptions are partially rearranged. For
example, the full-scale Space Tug system design and pcerformance numbers developed
in Task I and updated in Task VII (based on the program results) is shown only in its
updated form in Section 7. The goals and environments develr.ped in Task I form

Section 2 of this report.

The Task III subscale test article design (Scction 3) was moved ahead of the Task I

development work that led to the design (Section 4) in order, first, to acquaint the
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reader with the basic insulation system concept and, second, to provide insight into

why certain types of development work were performed. Tasks V and VI were com-
bined into Section 6 covering all testing of the test article.

Summaries of each task and the section in which they are described in the report
follow:

e Task I: Analysis and Requirements Definition (Sections 2 and 7)

Weight, thermal performance, payload performance, and inspection and
refurbishment goals are defined for the microsphere/jacket system using

a helium-purged multilayer insulation Space Tug system as the baseline
reference.

Operational environments are also established. A preliminary
design of the microsphere/jacket system is then performed for the Space

Tug LH2 tank from which information relating to the established goals can
be calculated.

e Task I System Concept Development (Section 4)

Using the design information developed in Task I, experimental evaluations

with supporting analyses are performed to substantiate key design features.
Some of these major evaluations are:

~— Confirmation of the jacket expansion adequacy for compound contoured
surfaces

~ Demonstration of adequate insulation thickness control

- Development of jacket joining and inspection procedures

— Development of localized jacket repair procedures

— Demonstration of jacket and tank low-emittance coating procedures
and properties

~ Demonstration of microsphere insulation processing procedures

= Demonstration of a vacuum bakeout and transicr container for the
microspheres

= Overall demonstration of the system on a Plexiglas hemispherc assembly
(simulating the tank surface), including jacket expansion, microsphere fill

techniques, microsphere settling characteristics under vibration, and
demonstration of localized repair procedures

1-6

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCRNEED MissSiLEs L]

SeACt
A SUBSIDIARY o

COMPANY
TOCRKNERD

ALRER AR

TN
CORPORATION

- — —

e



Task III: Subscale Test Article Design (Section 3)
Using the results of Tasks I and II, a complete test article design is performed

on the microsphere/jacket system using an available spherical flight-weight,
1.17 m (46-in.) diameter, 2219 aluminum test tank and six filament-wound,

epoxy-fiberglass support struts.

Task IV: Subscale Test Article Fabrication (Section 5)
The test article designed in Task III is fabricated, leak checked, and func-
tionally checked out prior to start of the testing in Task IV. The fabrication

includes minor modifications to the test tank and installation of test instru-

mentation as the Task proceeds.

Task V- Environmental Tests (Section 6)
Using the test article fabricated and instrumented in Task IV and a Test Plan

prepared in this Task, 19 flight cycles are performed, each cycle simulating
cryogen loading on the ground, ascent (chamber evacuation), orbit (boiloff plus
propellant drain), reentry (chamber backfill with GNZ‘,, and landing and stor-
age (warmup to ambient temperatures). Thermal performance under both
ground-hold and space-hold conditions are performed periodically to determine
the effect of the fiight cycles on thermal performance. Because of accidental
jacket damage due to operator error, the test program was terminated follow-

ing 13 flight cycles.

Task VI Operational Tests (Section 6)
A series of tests define (1) the effect of low nitrogen gas pressure (simulating

air in-leakage) and (2) the effects of increasing compressive load on overall

heat-transfer rates.

Task VII: Analysis and Design of Full-Scale System (Section 7)

After reviewing the results of Tasks I through VI, the preliminary insulation
design prepared in TaskI for the full-scale LH2 tank is updated and » design
is also prepared for the full-scale LO2 tank. Sufficient weight, costs, and
payload performance numbers are calculated to allow a direct comparison

with the Space Tug helium-purged multilayer insulation system. A manu-

facturing plan is provided.
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Scction 2
GOALS AND ENVIRONMENTS

A helium-purged multilayer insulation system is currently defined as the bascline
choice for the cryogenic Space Tug. Since the vacuum jacketed microsphere insula-
tion system developed on this program is a candidate to replace the purge system, a
series of goals was established using the purge system design given in Ref. 1-4 as a
baseline reference. The performance numbers for the vacuum jacketed microsphere
insulation system are compared later in Section 7 with the goals established at the
heginning of the program. In addition, the environments in which the insulation system

must operate were established for use as design criteria.

2.1 GOALS

Using the Option 2 Cryogenic Space Tug design (Ref. 1-4) shown in Fig. 2-1 and de-
fined in Table 2-1, a series of weight, thermal, payload, and inspcction and refur-

bishment goals were established.

The weight goal is shown in Table 2-2. The fuel and oxidizer insulation weights, purge
system weights, and helium weights were taken directly from Ref. 1-3. The helium
bottle weights were obtained by ratioing the helium required for purge to the total
helium onboard the Shuttle and multiplying this ratio times the bottle weight listed in
Ref. 1-4. Gaseous oxygen is vented during ascent, but no venting occurs during orbit.
The vented LI, was calculated by integrating a transient heat flux curve in Ref. 1-4.
from liftoff to (;rl)it cquilibrium and adding on the orbit equilibrium heat-flux values for

the remainder of the 163~hour mission.

The integrated propellant heating goal from liftofl to 162 hours shown in Table 2-2 was
aleulated using the technique deseribed above for LH,, hoilofl. The Syn. -Eq. payload

capability goals shown in the Table were taken dirveetly from Ref, 1-4,
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Table 2-1

DESIGN DATA FOR THE REFERENCE
CRYOGENIC SPACE TUG (TAKEN FROM REF. 1-4)

Tankage LO2 Tank LH2 Tank
Material 2219-T87 Al 2219-T87 Al
Dimensions
e Diameter, m (ft) 3.683 (12.08) 4,166 (13.67)
e Length, m (ft) 3.094 (10.15) 5.464 (17.93)
e Cylinder Length, m (ff) 0.053 (0.17) 2.445 (8.02)
e Bulkhead Ratio 1,38 1.38
Capacity, m° (&) 19.81 (699. 6) 60.75 (2145. 5)
Surface Area, m2(f?) 36.05 (388. 0) 76.84 (827.1)
Upper Access Cover Diameter(a), m (ff) 0.91 (2.99)
Lower Access Cover Diameter(a), m (ft) 0.91 (2.99) 0.64 (2.10)
Stainless Steel Plumbing ID, m(in.) LO2 Tank LH2 Tank
Pressurization® 0.01 (0. 4) 0.01 (0. 4)
Fill/Drain/Abort 0.13 (5.1) 0.15 (5.9)
Feed® 0.06 (2. 4) 0.06 (2.4)
Ground Vent 0.08 (3.2) 0.08 (3.2)
Zero-g Vent'® 0.01 (0. 4) 0.01 (0.4
Fiberglass Strut Data LO2 Tank LH2 Tank
Number 24 6 upper
12 lower

Effective length x Diameter(b), m (ft) 0.38 x 0.038 0.23 x 0.025

(1.25 x 0.12) (0.75 x 0.08)
wall®™® | m (in.) 6 x 107 6 x 107

(0. 024) (0.024)

Scaled from drawings.
Estimated values.
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Table 2-2
PERFORMANCE GOALS

Weight Goal = 180,9 kg (398.8 1b)

Performance Prorated l
Item Weight. kg (1h) Partial Burnout Weight
kg (1)
Fuel Tank Insulation 39.0 (86.0) 1 39.0 (86.0)
Oxidizer Tank Insulation 18.6 (41.0) 1 18.6 (41.0)
Purge System (Tug) 92.1 (203) 1 92.1 (203)
Purge System (Shuttle Bay)
He 2.9 (6.4) 0.15 0.4 (0.9
Bottles 35.7 (78.7) 0.15 5.4 (11.9)
Boiloff (163-hr Mission)
LO2 0 0
LH2 65.1 (143. 5) 0.39 20,4 (56.0)
J 18,9 (398, 8)

Propellant Heating Goal (163-hr mission)

Item Integrated Propellant Heating
(W « hn) (Btu)
L02 Tank - 4, 440 (=15,154)

=11,559 Before Venting (539, 450)
LH2 Tank = 8. 014 (<27.352)

Payload Goal

Item Syn. ~-kq. Puyload Capability. kg (Ib)
Deployment #3,697 (:27.930)
Retrieval 2,260 (=24.982)
Round Trip 21,370 (3,020
(
l
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The inspection and refurbishment goals that follow were also taken from Ref. 1-4.

Monitor boiloff during ground hold and pressure rise during orbit
Visually inspect system after each flight

Leak test system after each flight

Functionally test system after each flight

No scheduled replacements for 19 flights
2.2 ENVIRONMENTS

The induced environments the Space Tug vacuum jacket/microsphere system will
experience both within the Shuttle bay and deployed in orbit include vibration, acoustic
exposure, shock, thermal and pressure transients, and acceleration. These environ-

ments affect the vacuum jacket/microsphere system design in different ways.

For example, vibrations (Fig. 2-2) cause the microspheres to settle and approach
their maximum solid packing fraction, és = 0.7, when accelerated with essentially

no atmospheric pressure load on the vacuum jacket. (The microspheres are vibrated
during the initial fill to control this settling.) Vibration, acoustic, and shock environ-
ments could conceivably break the glass microspheres. (Prior tests show no breakage
occurred when the microspheres were exposed to an overall sound pressure level of
144 dB. The shuttle cargo bay level is 145 dB as shown in Fig. 2-3.

The temperature and pressure environments (Fig. 2-4) and acceleration environments
(Fig. 2-5) affect the structural design of the vacuum jacket and the jacket support as
well as the thermal performance of the microspheres.

The atmospheric pressure in the cargo bay shown in Fig. 2-4 initially compresses
(supports) the jacket during the early portion of flight (~110 s); other means of jacket
support are required for the last 350 s of ascent flight plus the first 700 s of reentry
flight.
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| 1 | 1 |
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MIN MAX |
e PRELAUNCH 278 (500) 322 (580) i
e LAUNCH 278 (500) 339 (610) i
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Fig. 2~4 Temperature and Pressure Environments
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Fig. 2-5 Acceleration Environment
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The 367°K (660°R) upper limit during post-landing shown in Fig. 2-4 affects material

sclection and the preconditioning temperatures required to outgas the system.

Note the maximum Tug acceleration level in orbit of 3.17 g duc to main engine firings

(Fig. 2-5) does not exceed the maximum acceleration level of the Shuttle, 3.0 £ 0.3 g.

ACS thruster firings have such short pulse duration as to be negligible from a heat-
transfer point of view. The higher acceleration levels associated with the Tug main
engine firings have a negligible effect on the microsphere heat inputs to the propellant
tanks due to (1) the relatively short time durations and (2) the higher acceleration
levels that occur only when the propellants arc nearly depleted.

The requirements of the type listed above (resulting from the induced-environments)

have been accounted for in the jacket/microsphere design developed in this program.
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Section 3
SUBSCALE TEST ARTICLE DESIGN

The design of the biaxial flex, stainless-steel vacuum jacket, and load-bearing ‘
microsphere insulation system was based on the environmental requirements provided

in Section 2 and the system concept development results described in Section 4.

The finished test article that was built to the design drawings in Fig. 3-1 was shown
previously in Fig. 1-1. It consists of an aluminum tank, six fiberglass tank supports, .
pallet, stainless-steel vacuum jacket, vacuum jacket spring/Kevlar standoffs,

microsphere insulation, associated plumbing, and test instrumentation.

MICROSPHERE INSULATION
VACUUM JACKET ASSEMBLY,
46 IN, TEST TANK SK 6213-100

[ |
I | 1 | |

| MaNUFACTURING VACUUM SPRING
’ DIES PALLET JACKET STRUTS ASSTMBLIES INSTRUMENTATION .
| L i ‘
]
‘ 062 STRETCH 091 PALLET 094 UPPER I~ 054 STRUT 077 BASE 099 INSTRUMEN - 1
{ FORM DIE DOME ASSY ACCESS TATION |
| 80X |~ 078 CAP
| 063 GORE 095 FILL |
i FORM : PORT - 055 STRUT - 092 SPRING |
: DIE SLEEVE }
; - 096 GAUGE L 093 ASSY |
L 064 POLAR PORT ..087 STRUT

' CAP INSTAL-
' DIE L~ 097 LOWER LATION ‘
} DOME 4
E ASSY - 088 SLEEVE ‘
| END «
| FITTING 1

|
| L 089 ADAPTER, 1
; WARM END
| L 090 ADAPTER \
| “OLD END |
]
|
' Fig. 3-1 Test Article Drawing Tree
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The flight-weight sphe~ical 2219 aluminum test tank, 117.1 em (46,12 in.) in diameter, |
is supported by threc pairs (six struts total) of filament-wound glass fiber /cpoxy
struts. The struts arc attached to an aluminum pallet; the pallet simulates the hard
attach points of the Space Tug outer load carrying shell and also provides a con-

venient interface for mounting or transport of the test article.

The tank is enclosed within a 0.08 mm (0.003 in.) thick, formed 321 stainless stecl
jacket., Staggered vertical and horizontal expansion wedges allow the jacket to stretch
or compress elastically when the aluminum tank dimensions change (due to cryogen
fill, warmup, or pressurization). Diagonal polar cap wedges provide the necessary
transition between the biaxially flexing jacket and the rigid polar cap regions. In
between fhe wedges, the jacket is stiffened with formed "X!" or "Y' shaped stiffeners.
The jacket is made in two halves, each hemisphere consisting of nine gore panels |
and one polar cap panel welded together as shown in Fig., 3-2. The final soldered
closure joint is a combination flange and overlap design. The jacket is installed

in a stretched condition and supported off the tank by 165 low-heat-leak spring/Kevlar
assemblies shown in Fig. 3-3. The assemblies are cpoxy bonded to the tank and
soldered to the jacket.

The six fiberglass support struts are enclosed in stainless-stecl vacuum jacket sleeves
(Fig. 3-4) that can sustain a 1-atmosphere compressive load unsupported. A 0.13-mm
(0.005-in.) thick stainless stcel diaphragm seals off the warm end of the strut, permit-
ting differential movement between the strut and the strut jacket sleeve during cryogen '
cooldown. A low-heat-leak '"bicycle-wheel'-type spacer near the cold end of the |
strut (Fig. 3-4) keeps the strut centered in the strut cover. The "spokes' are Kevlar ,‘
filaments. 11

4

The outer surface of the tank and the inner surface of the vacuum jacket arc coated
with a 0.015-mm (0. 0006~in.) epoxy coat followed by a 1000-A low-cmittance gold
coating to reduce radiation heat transfer. The annulus hetween the tank and the

vacuum jacket is [illed with uncoated, hollow-glass processed microsphere insulation.
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' Concentric fill and vent lines (items 9 and 5), thermally guarded with a wrap around
LN2 heat-exchanger tube (item 8), enter the tank through a top-mounted access 1‘
| cover as shown in Fig. 3~5 (using an aluminum to stainless steel transition joint, 1

( item 27), A line for monitoring/controlling tank pressure (item 46) exits through

! the side of the vent line. The tank cover, with a 20.3-cm (8-in.) diameter opening
into the tank, is sealed with a metal gasketed Conoseal flange joint., The inner fill line
extends to near the tank bottom, and is protected by a perforated tube. The tank is filled
with 41-kg (90-1b) of coarse aluminum wool to acheive isothermal conditions during ‘
heat-transfer tests. A vacuum pumping and sealoff port (item 11) and a micro- |
sphere fill port (item 18) are also mounted near the plumbing penetrations on the

vacuum jacket.

The vacuum pumping port allows the insulation to be either evacuated or back-filled |
with a dry gas and then sealed, dcpending on the desired test sequence. Note the 5-um, '
16.8-cm (6.6-in.) diameter screen that permits evacuation yet contains the microspheres.

The microsphere fill port allows the insulation annulus to be filled initially with
microspheres. Transfer is accomplished through a transparent plastic line from
the vacuum bakeout and transfer apparatus by a gas fluidizing technique. Gas is

vented out the bottom of the vacuum jacket.

Ports for measuring insulation pressure both at the top and the bottom of the jacket

are available as shown in Figs. 3-5 and 3-6. The temperature and liquid level sensor
leads, internal to the aluminum tank (platinum resistance thermometers, thermocouples, |
and carbon resistors), are brought out through an epoxy-potted connection through the

side of the vent tube,
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Section 4
SYSTEM CONCEPT DEVELOPMENT

The test article described in Section 3 resulted from development work performed both

on the stainless-steel vacuum jacket and the load-bearing microspherc insulation.

This Section describes the work performed to develop the vacuum jacket and process
the microsphere insulation. A summary of microspherc insulation physical and thermal

properties concludes this Section.

4.1 VACUUM-JACKET DEVELOPMENT

To provide a sound engineering basis for designing, fabricating, and assembling the

vacuum jacket on the test tank, development work was undertaken in the following areas:

Flexure characteristics of flat jacket panels

L ffect of wedge angle on jacket flexure

Jacket joining

Jacket repair

Prototype jacket hemisphere forming, joining. and leak checking

Tlexurc characteristics of the jacket hemisphere (as opposed to flat panels)
Development of jacket/tank standoffs

Properties of gold coatings on the tank and jacket

This scction provides the details and recommended appronches decived from the work

performed.

4.1.1 Flat Panel Vacuum Jacket Flexure Tests

Using an existing flat metal dic with expansion wedges from a previous in-housc pro-

gram (Fig. 4-1), three plaster casts were made from “he die.  These casts were joined

4-1
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Fig. 4-1 Flat Male Metal Die for Vacuum Jacket Forming

together to form a squarc mold 0,61 m (24 in.) on a side. A polyurethane/fiberglass
maule die was cast from the plaster mold.

The 0.008-cm (. 003-in.) thick 321 anncaled stainless-stecl sheet was precision sheared
into a square and placed over the forming dic. The sheet was approximately 2.5 em
(1 in.) smaller than the die to prevent trapping the sheet around the edges during forin -

ing. An oiled adiprene sheet was placed over the top of the stainless steel sheet on the

Verson-Wheelon hydropress.  The part formed to the full design depth at 2.06 x 107

9
N/m~ (3000 psi) with excellent bead definition around the wedge/flat area interscetion

and over the wedge ridge. The sheet was stiffened greatly in the plane of the shect

after forming, and no splitting of the metal occurred. (Initial samples that had been

hand sheared did split in a couple of places near the edge; apparently the sheared edge
rolled over slightly and was trapped during the forming process, preventing drawing
in of the sheet during forming.)

The die collapsed inward slightly during forming about 0. 04 ¢in (0,02 in.) over an

arca of 10 by 15 em (4 by 6 in,), apparently where there wis a void in the die. Also,

)
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the surface finish of the die was rough, imparting surface imperfections in the formaon
parts. Because of these imperfections in the pancl, the tip of cach wedge did not always<
touch the adjacent wedge 90 deg to it. This flat arca was measured at 32 locations o
the panel in the area where expansion mecasurements were heing made: the average

flat area length was 0.18 cm (0.07 in.).

The test setup shown in Fig. 4-2 was assembled to hiaxially stretch two vacuum-jacket
test panels of the type shown in Fig. 4-3. The biaxial loads were appliced at seven re-
inforced points along each of the four sides using a whiffle tree arrangement as shown
in Fig. 4-3. Load cells in both the horizontal and vertical axes were connected to the
whiffle tree attach points and the loads were recorded on an X-Y plotter accurate to
=2'%. Equal expansion loads werc applied separately to cach axis using two hand-
actuated hydraulic rams. The measured load was expressed as a load/unit width applied
in each axis (the loads were equal in all cases). The unit width of 50.8 em (20 in.) is
five "squares' on each edge as shown in Fig. 4-3. This conservative approach is used
since the effect of the half ""squares' around the edges was not known at that time:
consequently, the reported force/unit width values are slightly higher than if the full

s tat

panel widih value was used in the calculations.

The expansion of the panel was measured in three directions vertically and three hori-
zontally. A center hole micrometer, accurate to 0.005 em (0.002 in.) was {itted with
special needle tips 0.633 em (0. 013 in.) in diameter. Holes of the same diameter were

drilled in the nine center squares to act as reference points for expansion measurements.

Earlicer tests recorded the panel expansion by painting the panel black and bonding white
dots in the nine center squares. The expansion was recorded photographically and the
distance between the dots measured on the negatives using a shadowgraph viewer. When
it was found that the panel tended to bow toward the camera during expansion changing
the ''scaic" on the negatives in the test series, this method of measurement was dis-
continued and the direet measurement methad deseribed above was substituted.  All
data that were taken by the photographic technique and are reported here have a correc-
tion factor was derived from reference points of known spacing on the panel that did not

change diraensions during the expansion tests.
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The results of the elastic limit tests arc shown in Fig. 4-4. The load was applied,
and released, and then a higher load applied. Each point shown is an average of six
data points, three horizontal and three vertical, using the direet measurement
technique. (These mecasurcments werc initially taken photographically and the test
repeated using direct measurements,) Note that at > 0.56 percent expansion, the
panel did not return to its original dimensions under a no-load condition. However,
at even the highest loads applied, there was no visible evidence of panel deformation.

Also note the good agreement between the data from two separate test panels.,

Since the panels expanded well even with the flat areas at the wedge tips, the effective
width of this flat area was increased by bonding 0.48 cm (0.19 in.) strips of 0,008 ¢m
(.003 in.) stainless stecl across the tips of all wedges on the [lat side of one panel. The
test results show that the panels expand along the same stress-strain slope as pre-
viously, but the elastic/plastic transition point is lowered to 0.4 percent as shown in
Fig. 4-5. These expansion data were recorded photographically and corrected to

account for the panel bulging.

The results of these tests led to three very significant conclusions. First, a small
flat area at the tip of a wedge can be used for joining gore panels together in a zig-zag
overlap pattern and a combination flange/overlap flange joint can be used for the final

closure as shown in Fig 4-6.

No joining up over wedges is required and no further expansion panel tests with sample
joints are needed since the slope of the stress-strain curve is independent of the length
of the flat area at the wedge tip (over the range tested). These designs simplify jacket

joining procedurcs.
Second, it is no longer required to match expansion wedges very accurately at gore

joints. Conscquently, the very tight dimensional tolcrances thought to be required for

the contourced forming dies can be relaxed.
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Fig 4-6 Joint Designs

Third, the imperfections present in the test panecls due to imperfections in the forming
die have no discernible effect on the panel's expansion capability. This conclusion was
reached by comparing the six individual measurements at each load. All six measure-
ments followed the same trend and no connection between a local imperfection and panel
expansion could be found. Therefore, a jacket that.is dented accidentally (to a level
consistent with the tested panels) will require no repair in future large-scale systems

as long as the jacket does not leak.
4,1.2 Minimum Wedge Angle Tests

During a normal Space Tug flight cycle for this insulation system, the tank contracts
as it cools to cryogen temperature, and the cvacuated jacket moves inward becausc of
the 1-atmosphere compressive load. Microspheres partially flow out of the wedges at
this time (since the wedges closc slightly) and into the insulation bulk. Once in space,
the atmospheric load is removed and the microspheres can redistribute themselves
back into the unstressed, expanded wedges prior to reentry and reapplication of the 1-

atmosphere load. However, if the evacuated insulation system is cycled thermally on
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the ground, the migration of a portion of the microspheres hack into the wedges is ‘
opposed by the 1-atmosphere load. This situation represents a series of ground tests

where the tank is cycled between ambient and cryogenic temperature,

A special test apparatus shown in Fig. 4-7 was fabricated to determine the effect the
wedge angle has on the ability of microspheres to redistribute themselves during this 4
thermal cycling under a 1-atmosphere load. The microspheres arc evacuated and the
dimension across each of the three triangular expansion scctions (with initial angles of
58, 42, and 28 deg) is mcasured at three reference points to within 0.003 cm (0.001 in.) .
A formed 64~-deg wedge is also attached to the jacket using a silicone rubbher sheet
intermediary strip. The measurements arc rcpeated when the aluminum can is cooled

to LN2 temperature and then warmed to ambient temperature. This thermal cyele is
performed four times.

The delta change in the gradual closing of the triangular sections (due to redistribution

of microspheres) both at ambient temperature and at LN2 temperaturc was measurcd.

When these data are plotted on a net change hasis, the results show there is not a sig- ‘
nificant difference between the three angles tested as shown in Fig. 4-8. Also, no !
permanent deformation was noted visually on the wedge or on the three triangular test
angles. Consequently, a narrower wedge angle was choscen for the contoured forming
dies to extend the elastic range of the jacket (as discussed later in this Section). Other
considerations on wedge angle choice include forming limitations and draft angle effect .
on removing the formed part from the die. Bascd on these considerations, a wedge

angle of 30 deg was selected for the contoured forming dies for the test article. !
4.1.3 Resistance Seam Weld Development ‘
i

The selection of the overlap, zig-zag joint for gore pancls and the polar cap which *
bypasses the expansion wedges simplifies the joining requirements and allows the use |
of a resistance seam weld technique. The resistance weld process is highly control-

lable and requires no flux, and a specified narrow weld width can be maintained
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Fig. 4-8 Net Change in Wedge Base Dimension as a Function of Thermal Cycles

The resistance-weld process is particularly suitable for the joining of gore sections

and the polar cap becausc the necessary access to both surfaces is available, and the

0.38 em (0. 15 in.) overlap of the panels in flat areas can be controlied by pre-trimming

the parts to a standard template.  The overlap in the fIat arca around the wedge tips

is reduced to 0.25 ecm (0.10 in.) for greater {lexurce capability of the jacket.

The welding is accomplished on a 50 kVA Sciaky scam welder (Fig, 4-9) using 7.6 cm
(3 in.) diameter copper wheels on both sides with approximately a 0,25 em (0.1 in.)
face width., The seam weld is approximately 0.2 cm (0,08 inoy wide. The fusion
zone is continuous and uniform, and the 24 pitch (24 individual overlapping welds per
inch) produces a solid weld nugget that ensures vacuum integrity.  The panels are

vapor degreasced prior to the welding,.

To determine the vacuum integrity of the selected overlap resistance~scam-weld
technique, two square picces of 321 stainless steel 35 em (14 iny) on a side and 0, 008
em (0,003 in.) thick were spot welded together at approximeitely 103 em (0,5 in.)
intervals around the edge. A continuous seam weld 1.5 m (5.0 1D Jong was then made
as shown in Fig, 4-10. The sheets are separated by 4 coarse screen to provide an

evacuation path to the centrally located tube,
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The interior of the pancel was evacuated and the joints helium Jeak-checeked with a
Model 925 telium Mass Spectrometer sensitive to 2 7 107" ce/s. Noleaks were
detected when the joints were flooded with helium,  The results of these tests show
both the joining technique and the basic 0,008 e¢m (0,003 in,) stainless-steel panel
provides a vacuum-tight system. The length of the joint tested is 7 pereent of the

total length of the joints in the 1.19 m (47 in.) diamcter test-tank jacket.
4.1.4 Jacket Final Closurc Development

The jacket final closure occurs after the two individual jacket hemispheres have
: been leak-checked and coated on the inside surface with a 0. 01 mm (0. 0006 in.)
coat of cpoxy and 1000 A of gold. (Joints and solder coated surfacces are masked |
; prior to this coating.) The limitations on the joining methods that can he used on ‘

this combination flange and overlap closure arc as follows:

e The epoxy coating can withstand up to ~205°C (400" F) for a short perind of
time in an inert atmospherc.

e No corrosive fumes can be allowed to enter the vacuum jacket interior.

The final closure design selected for the test article consists of 2 combination of

soldered flanges and overlaps as shown in Fig. 1-11.

To obtain better wetting of the solder on the stainless steel at the final elosure over-

, lap joint and around the strut assemblies. the area is brush plated with a nickel strike
; followed hy successive coats of copper 0,004 mm (0. 00015 in.) and tin 0. 003 mm

: (0. 0001 in.) per Mil A 865. The joints arc then coated with solder., The flanges

{ were solder coated using 157 flux (before the pretinning technique was triedy.  Later
work shows the pretinning mcthod provides hotter wetting action and climinates the

| usc of corrosive 157 flux, which can cause corrosion pits to form in the jacket. ‘

To asscemble thetwo vacuum jacket hemispheres, the flanges are held together with

spring clamps and spot welded every 0,6 ¢m (0,25 in,y at the base of the flange and
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every 1.3 em (0.5 in.) at the top of the flange. The overlap joints are then solderer
by preheating the specially designed soldering too! shown in Fig. -1-12 to approsi -
mately 250°C (482°F). The individual beryllium-copper foot-prints' adjust to the
spherical overlap jacket surface because of the "U' shaped spring design.  The
soldering tool is mounted off the wooden ring shown in Fig. 4-13 and pressed securcly
against the surface by adjusting the screw shown. (The jacket is supported by a
Teflon disk placed between the tank and the jacket.) The thermostatically controlled
heater is left on for 15 to 20 s and then turned off. The tool is cooled with an air

blower until the temperature reaches approximately 60°C (140°F), at which time
(~30 8) it is removed.

The second special copper soldering tool (shown in Fig. 4-14) is preheated to 290°C
(554°F) . using a thermostatically controlled heater, then clamped over the flanges
as shown in Fig. 4-15. After 5 to 10 s when the solder flows out of the joint.the

heater is turned off and the tool cooled with an air blower to 60°C (140°¥F) in about

45 s,

Random leaks developed in the flanges. at the flange/overlap intersection. and in the
overlaps. Repairs in the overlap were mode using a lower melting (~204°C or 400° )
50-50 Pb-Sn solder and soldering iron with a rosin flux to lorm a solder {illct over
the joint. (The lower melting solder prevents the joint from opening.) The flange
overlap intersection leaks were sealed by placing a small 0. 05 mm (0. 002 in.) thick
copper strip around the end of the flange and soldering it manually using the 50-50
solder and rosin flux. The flange leaks were repaired by forming a »U” shaped cap
of solder coated copper foil 0.05 mm (0. 002 in.) thick and placing it over the top ot
the pretinned flange using rosin flux. The copper is then seldered to the flange using
the pre-heated clamping tool described above.  Some pinhole leaks were also lound
where the flanges were spot welded together.  These Jeaks can e closed hy pre-
tinning the avea and soldering with 50-50 solder and rosin flux or eleaning the arca

to the bare metal and covering the pinholes with Epibond 123/9615-10 epoxy adhesive.
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Expericnce with the test jacket final closure joint assembly shows soldering is a difii- ‘
cult process to control and repair when an active (corrosive) flux cannot he used.
Even when using a noncorrosive rosin flux, the tank and jacket has to be vacuum
baked prior to filling with microspheres (because of residual rosin inside the jacket)

to reduce the outgassing load to an acceptable level.

Consequently, it is recommended in any future work that the final closure joint be

resistance seam welded using the design shown in Fig. 4-16.

TACK WELDED
ASSEMBLY
AID FLANGE

\ WELDED
_JL YOVERLAP

———— e =

A-A

WELDED
FLANGE —_-_-Jt'—

B-B

Fig. 4-16 Welded Final Closure Joint Design

The joint is a continuous overlap seam. The two jacket halves are held in place during

_— - ——

the welding by clamping the assembly flanges together and tack welding them.  (These

flanges are not the seal.)

A specially designed air-cooled welder head with copper wheels on the ends of a
scissors-type clamp is inserted through the access holes and the overlap weld is

made in the same manner as gore joints —i.c., tack weld then secam weld.  Suitable

—_— A
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clamping pressure is accomplished pneumatically. The weld is leak checked by press-
uring with helium and sniffing with a mass speetrometer. (The aceess holes are plugged
with rubber stoppers.) When the joint is leak tight, the aceess hole covers are resist-
ance welded into place and leak checked. The access hole welds inerease the total length
of welded joints on the test article jacket by 15%.

4,1,5 Jacket Repair Methods
The following recommended jacket repair methods have been demonstrated to be

vacuum leak tight following 30 thermal shock cycles (direet liquid nitrogen immer-

sion followed by rapid warming to ambient temperature using a hot air gun).

Recommended ;
Type of Repair Method
In-Process Overlap Joint Leak Reweld with 50 kVA Sciaky re- ‘

sistance seam welder

In-Process Puncture Reweld lenticular pateh of
0.08 mm (0.003 in.) 321 stainless
steel over hole.

In-service overlap joint leak, or Apply CREST 7150\ and B poly-
puncture in flat or flex arcas. wrethane adhesive to cleaned
arei,  Allow to cure for 24 hours
at ambient temperature. Bond
0,005 em (0,002 in.) stainless
steel pateh it hole is large.
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4.1,6 Preliminary Insulation Thickness Optimization

To obtain the same magnitude of heat flux for the test tank as for the full-scaic LH,
tank on the Space Tug, an insulation thickness optimization was performed on the
Tug hydrogen tank. The optimum thickness occurs when the insulation weight equals
the prorated boiloff weight [(BWI/E)WBO) = 0.39] for a 163~hour mission. Using
the thermal conductivity model from section 4,3 for uncoated microspheres with gold
boundaries at TH = 222°K (400°R) and Tc = 21°K (37°R), the Gopt = 1,32 cm
(0.52 in.).

4.1.7 Deflection Requirements of the Test Tank Vacuum Jacket

Thermal analyses show the average temperature of a Space Tug LH2 tank vacuum
jacket during ground hold will be on the order of 280°K (504°R) while the space
operating and initial reentry temperature extremes are 261 to 167°K (470 to 300°R).
Consequentfy, if the vacuum jacket is designed and installed so its unstressed condi-
tion is at a temperature higher than any listed above, the jacket will always apply a
slight compressive load on the microspheres at any lower temperature from ground
hold through orbit flight and reentry into the atmosphere. This compressive load
will eliminate any voids in the insulation minimizing migration of microspheres

under flight loads when the Tug is outside the atmosphere.

Since the spring/Kevlar attachments hold the jacket standoff distance nearly constant
at the attach points, independent of vacuum jacket temperature changes, the com-
pressive load applied on the microspheres between the attachments depends on how
much the jacket ""bows" inward between the spring/Kevlar attachments as the jacket
tempcrature drops. Results from later hemisphere expansion tests show that the
"howing'' inward and resultant compressive load on the microspheres is minimal
and has only a small effect on insulation heat transfer over the orbit temperature

range of the jacket.
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Using this design concept for the test tank, the expansion requirements for the vacuum
jacket arc calculated as follows. The average membrane outer radius of the test
tank is:

Ambient temperature radius: 58,57 cm (23. 06 in.)

LN2 temperature radius: 58,36 cm (22,98 in.)
A0.21 cm ( 0.08 in.)

(LN2 temperature was selected for these calculations since all thermal performance
tests will be conducted at this temperature; however, the jacket is also designed to

flex further if the tank is cooled to LH2 temperature.)

Selecting a nonstressed jacket temperature of 294°K (530°R), a AT of 14°K (25°R)
above the highest operating jacket temperature on the ground, in orbit, or during

initial reentry, the ambient temperature jacket dimension is:

Tank radius at LN2 temperature: 58.36 cm (22.98 in.)
Optimized insulation thickness: 1.33 em ( 0.52 in.)

Jacket radius at ambient temperature: 59.69 cm (23. 50 in.)

By holding this thickness constant with the spring/Kevlar attachments, the jacket
radius is increased to the following value when the entire assembly warms up to

ambient temperature.

Tank radius at ambient temperature: 58.57 cm (23.06 in.)
Insulation thickness: 1.33 cm ( 0.52 in.)
Expanded jacket radius, ambient

temperature: 59.90 cm (23.58 in.)

Therefore, the jacket must expand

53, - 59. 6¢
100(5 90 5)()))

59.69
Since the maximum jacket radius movement duc to the aluminum tank cooling from
ambient to eryogenic temperature is

0.39% (tank at LN, temperature)
0.42 % (tank at LH, temperature)
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The jacket must also contract

i

0.39 - 0.35 0.04'% (tank at LN, temperature)

0.42 - 0.35 = 0,077 (tank at LH, temperaturc)

4.1.8 Contoured Forming Dies

Design Procedure. The prior analyses and development work established the follow-

ing requirements for designing the vacuum jacket expansion wedges:

Wedge angle: 30 deg

Max. elastic expansion requirement: 0.35'%

Max. elastic contraction requirement: -0.07%

Unstressed jacket radius at ambient temperature: 0.597 m (23. 500 in.)
Flat area at wedge tips for overlap joints: 0.18 cm (0. 07 in.)
Flat area to wedge tip final closure joint: 0.43 cm (0.17 in.)

The flat panel expansion tests also established the elastic limits for the design.

The spacing of the wedges is constrained by the number and location of the tank sup-

port struts as shown.

Tank Support Minimum No. Total No. of
Struts of Squares Squares. N.

A Allowed at the Must be a

Paijrs Total Circumference Multiple of

@ 3 6 6 6

STRUT PAIR IN 4 8 4 4
THE SAME "SQ UARE 5 10 10 10
6 12 6 6
7 14 14 14
8 16 8 8
m— V4
Detail A
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Tank Support Minimum No. Total No. of

ST tARL Ry A i
"SQ UARES" Pairs Total Circumference Multiple of
DETAIL A ) 6 . ;
4 8 8 4
A 5 10 10 10
6 12 12 6
7 14 14 14
8 16 16 8

The squares must be an even number for ‘
the pattern to "close'" on itseclf. |

The size of the large:t square is determined by the clearances required around the
support/tank attachment area. The jacket circumference is then divided hy the ap-
propriate multiples from the above tabular listing, and a square size is selected that
is equal to or slightly greater than the squarc size set by support clearance

requirements.

The wedge patterns become progressively smaller going from the equator up to the

polar cap. The size of the wedge pattern is set so the following relationship holds.

POLAR CAP |

WED GES .
2 AND 4 |
ARE PARALLEL |
TO EACH ;
OTHE
Ltl
2 3 ;

4-22

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCXMESFD M1 SIS 1] SPACE COMPANT PN
A SUBS!DTARY OF LOCRHEED ALRCRAFRT CORPORATION




The L dimension to use in the following equations are shown below:

| Wedge No. Square Dimension |
1 Ly
2 L,y
3 L2
4 L2

Based on the flat panel test results, the height of the wedges at their apex was sect

for the contoured forming dies by the following relationship:

H = 0.179 €L (ST)

.

LA _LH

‘/A}T

’ where

? H = maximum wedge height, cm

| I

: € = required jacket expansion, % |
L = "square" length, cm |
SI' = safety factor (1.25) ‘

a

LOCKHEED
IF LOCRMEED
P
3
|

A SVBs 101 AR

This relationship used test data from a flat panel with a single wedge height, H, of

1.02 cm (0.40 in.). The expansion capability was assumed to vary linearly with H
for different size wedges. However, the hemisphere tests with wedges of different

heights showed the expansion capability of the wedges in the clastic range varied as ‘

+ bH + cH? « L
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From the hemisphere test data, the empirical constants a, b, and ¢ were obtained

solving simultaneous equations. The relationships which should he used in any futurce

designs for forming dies are shown below. (Note: The current forming die designs

meet the design goal of 0. 35 percent elastic expansion for the different size wedges.)

For vertical, single curvature wedges, i.c., 1, 3

19.1 + \/80.6 ¢L. - 276

H = 20.3

For the horizontal, double curvature wedges, i.c., 2, 4

g - 10.05 + B5.8 €L, - 150.1

27.9
where
H = maximum wedge height, cm (0.5 < H < 1.25)
€ = desired expansion, % (usc a safety factor of 1.25)
L = wedge spacing, c¢m

For the spherical test tank a design procedure has been developed to calculate the
wedge pattern dimensions L as they progress up the dome. (A similar procedure
can be worked out for ellipsoidal tank shapes.) The procedure is as follows, using

Fig. 4-17 as a reference:
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4
TANK ‘
{
EQUATOR
I
] , 4
NSNS == &
\ PATTERN B
NN
\ \ / L3 ‘
L, Y
» \‘
':——\%:E;M—L |
Fig. 4-17 Wednse Design Procedure
1. Calculate L at the equator. L = 27R/N where R is the ambient temperature
radius of the jacket and N is the total number of squares around the equator.
9. Calculate the dimensions of the patterns A through Z. First calculate values |
of L, and L4. L, - L sin 01.
where |
0, = 90 - 180/N in degrees ‘
{
L, = L/2 .‘

Then solve the right-hand side of the following equation knowing 01.

- NU,, N, .
4 o= = A - )
sin Y, * 180 150 "y -osin Yy

LOCKHEED PALO ALTO RESEARCH LABORATORY

s P Aact COMEANY VNG
AR AR cORPOPATION

[SE- RN SN N7 Mmoess oLk ]
A SuB. Diarr O (OCRNEED




From Fig. 4-18, 02 can be determined. Then L2 = L sin 02

90

- N = 18 FOR TEST
ARTICLE

8, (DEG)

cc 3 85 8B % 38
T

1 1 |
0 2 4 6 8 10
N @

2
SIN 92 + T80

Fig. 4-18 Expansion Pattern Relationship

and

This procedure is repeated as many times as required up to the polar cap transi-
tion arca.

Dic Design.  Based on the previously described design procedure, designs were
prepared for;

e A streteh form block to contour flat sheets to a 0,597 m (23.5 in.) radius
(Fig. 4-19)
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pAGE IS POOR

P IGINAL

Fig. 4-
19 Stretch Form Bl
ock
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PRECEDING PAGE BLANK NOT FILMED)

e A forming die for the jacket gore pancls (Fig. 4-20)
e A polar cap die for terminating the gore panels at the poles o1 the tank
(Fig. 4-21)

The Teflon coating on the stretch form block reduces the coefficient of friction for

the stretch-form operation.

Die Fabrication. All three dies were cast from 356-T6 aluminum. The spherical

surface was machined to a 32\/_ finish using a tracer lathe. Porosity holes in the
machined surface were filled with Devcon F (an aluminum powder/epoxy mix) and

the surfaces highly polished.

The spherical surtace of the stretch form dic was coated at a vendor with 0.013 mm
(0.0005 in.) thickness of TFE Teflon. The coating was fused on at 399°C (750°F). The
low coefficient of friction of Teflon allows the stretch forming of stainless steel parts to
proceed without the use of an oil lubricant, eliminating the intermediate vapor de-
greasing step required previously. Slots for installing the wedges on the polar cap

die were cut with a slitting saw; an end mill was uscd on the gore forming die as

shown in Figs. 4-22 and 4-23.

The wedges for the polar cap and gore forming dic were fabricated as follows:

LOW CARBON STEEL

0.12CM
//Aﬁ\
l
EXCESS ;

(0.046 IN.)
MATERIAL ! ,

FORHANDLING  A_a A ]
1. CUT SIDE VIEW CONTOUR IN 2. CUT AND SILVER BRAZE ON SIDES
FLAT SHEET
4-29
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e e -

= j
ya
£ S EE——
2a. ROLL CONICAL CONTOWR 3. MACHINE TOP VIEW CONTOUR

(HORIZONTAL WEDGES ONLY)

4, MACHINE AND HAND FINISH 5. CUT OFF EXCESS MATERIAL
FINAL CONTOWR

The partial wedges on the gore forming die were cast from the full-size wedges using
a silicone rubber mold and a zinc-base casting alloy (Cast-a-loy 1). These partial

wedges are required to prevent wrinkling of the stainless steel sheets during forming
vet are trimmed off before joining the gores. Consequently, these partial wedges do

now have to be as dimensionally accurate as the full wedges and castings will suffice.
All wedges are bonded into the machined slots using cpoxy adhesive. The stiffening
bead attachment tc the gore die used a metal locating pin at the center plus epoxy ad-
hesive. The tips of the stiffening beads are contoured with Deveon F.

The finished dies are shown in Figs. 4-24, 4-25, and 4-26.

4.1.9 Vacuum-Jacket Tabrication

The following steps are required to fabricate and assemble a vacuum-jacket
hemisphere:
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Fig. 4-20 Gore Forming Dic
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Fig. 4-24 Stretch Form Block

Fig. 4-25 Gore Forming Die
(Minus stiffening
Beads)

Fig. 4-26 Polar Cap Dic
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e Streteh-form a spherieal contour inta the 321 stainless stecl sheets.,

® Using the streteh-formed sheets, hydropress-form the wedge patferns into
gore and polar cap panels.

e T'rim, clean., and resistance-scam-weld the pancls together: form, solder.
coat, and resistance-scam-weld the final elosure flange to the hemisphere.

e Leak-check the dome and repair leaks, if any, using the resistance scam
welder.

e Solder-coat the spring/wire attach points and final closurc joint overlap
areas.

® Ipoxy- and gold-coat the hemisphere interior.
The work required to develop these processes is given here.

4,1.9.1 Stretch-Forming Stainless Steel Sheets. 304 stainless stecl sheets 0.41 mm

(0.016-in.) thick were stretch-formed on the stretch form block using a itufford Stretch
Press. The 59.7 cm (23.5-in.) spherical radius pancls are suitable for usc as holding
and shipping fixturcs for the thin stainless steel vacuum-jacket sheets.  Enough sheets
of 0.08 mm (0.003-in.) 321 anncaled stainless steel sheets were then stretch-formed
to fabricate a test-jacket hemisphere as shown by the sequence of photos in Fiw. 1-27,
The formed parts arce stored on and taped to the thicker sheets. sheets ol 0,05 mm
(0.002 in.) and 0.03 mm (0.001 in.) were also stretch-formed successtully to demon-

strate thinner sheets can be formed.
The initial streteh-form operation required oiling the forming die and vapor-degreasing
the parts afterward. After Teflon-coating the die. the oiling and vapor-degreasing

stcps were no longer required.

4.1.9.2 Hydropress-Forming the Wedge Shapes. Turing the hydropress-forming

development, three arcas were identified that equired special attention. Theyv arc:
e Shipping formed parts withaut damaging them
® T'orming parts without tearing the stainless steel material

¢ [Eliminating wrinkling in formoed parts
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Shipping Containers. In order to ship the spherically streteh-formed stainless steel
sheets to Burbank, California, for hyvdropress-forming the wedges, special shipping
containers were fabricated. A hole was punched in eneh of the four corners of the

0.41 mm (0.016-in.) stainless steel stretch-formed shects.  The sheet was installed
over four vertical rods inside a wooden hox. Three 0,08 mm (0.003-in.) stainless stecl
sheets arc taped to the thicker sheet. Additional sheets are slipped over the rods in the
same manner, using rubber grommet spacers hetween sheets. The tops of the threaded
rods are secured with wooden blocks. The parts were then shipped by truck to the
Lockheed-California Company in Burbank, California, for forming. The formed parts
were shipped back to Palo Alto, California, in a similar manner. This packaging

design proved successful as no parts were damaged during any of the shipments.

Gore Panel-Forming. During forming development of the gore panels, two basic prob-

lems were encountered. These were: (1) tearing of the panels at the base of wedges

or at the stiffening beads and (2) wrinkling of the panels at various points on the gore die.

The various parameters that were varied to eliminate tearing are shown sequentially in
Table 4-1. The key to successful forming without tearing was found to be use of a con-
toured polyethylene slipper sheet and an oil lubricant. and {orming in two steps. This
method allowed the material to move inward (when trapped between the bag and the dic)
to prevent exceeding the material's elongation at any point on the die. Earlier in the
forming development before the polycthylene sheet method was tried, the stretch-form
sheets were vacuum-anncaled to sce if this treatment would increasce the stainless stecel
sheets' clongation and stop the tearing. As can be seen [rom Table -2, the vacuum-
anncaling decrcascd rather than increasced the material's elongation, apparently because
of choice of too high an anncaling temperature. Subsequent forming development showed
acceptable parts could be formed with or without & vacuum-unncal using the polvethy -

lene sheet, so the vacuum-anncal evele was not used on the test-nrticle vacuum-jacket.

Methods used to eliminate the wrinkling varied with the location: the solution to cach
wrinkling problem is summarized in Table 4-3. Since wrinkling is caused by excess
material in a specific location, various shaped trap beads were used to pull out this

excess material,
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Table 4-2

EFFECT OF VACUUM-ANNEAL ON JACKET PROPERTIES

Ultimate Tensile

Yield Strength

Strength 6 5 Elongation
» - 7
-n 0 106 N/m2 10(kI;Ii/)m i)
21 9 (ksi)
- - I
%o m
. 672 + 10 520 + 51
Ty o Parallel® 27.7 + 3.8
o 2 (a) (97.5 = 1.4) (75.4 = 7.4)
-z 5 Nonvacuum-Annealed' > > o8
- 620 * 450 =
2~ r Transverse(b) S 39.7 £ 6.0
= 8 (89.9 + 0.3) (65.4 £ 4)
i ~
R B
2. 7 594 + 69 296 + 40
2t 3 parallel™ ? 26.9 + 5.3
> n g (86.2 = 10) (43.0 = 6)
2 Vacuum-Annealed'®
PR o) 496 = 13 221 = 13
$: 0 Transverse ™’ 26 + 1.6
39 (72 + 1.9) (32.1 = 1.9)
'
i, ; 3 (a) The 0.008 cm (.003 in.) 321 stainless steel was in the annealed condition as received prior to any

forming. The vacuum-anneal cycle used was heat-in-vacuum (.01 Pa) at 444°C/hr (800° F/hr) to

982 & 14°C (1800 + 25°t') and hold for 15 + 5 min. R

backfill.

(b) With respect to stretch-form direction.

apidly cool to 93° C (200°F) with an Argon

ey A0V TUNTDINO
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Table 4-3

SUMMARY OF GORE-FORMING DEVELOPMENT TO ELIMINATE WRINKLING

Problem Area

Solution

1. Wrinkles Extending Off the Ifalf- 1.
Wedge Tips Into the Trim Area
(Wedges 2a, 4a, 6a, 8a, 10a, and
11)

2. Wrinkles Extending Off of Wedge 2.
Tips
(Wedges 2, 4, 6, and 8)

3. Wrinkle Extending Off Wedge 3.
Tip 1

4. Wrinkle Extending Off Wedge 4.
Tip 9

5. Surface Ripples in Equator Flat 5.

Area Near Wedge 2

6. Minor Wrinkles at Wedge Tip/ 6.
Wedge Apex Junction
(Wedge Intersections 2/1, 4/1,
6/3, 8/5. and 10/7)

7. Wrinkle From End of Cross 7.
stiffener Over the Intervening
Wedge to the Next Cross
Stiffener

I

Contour the tip into a flat hulbous
shape.

Use curved 0.64 cm (0.25 in.)
diameter wire trap beads with
feathered ends outside the tips
to pull out excess material;
band-planish if required.

Use 0.64 cm (0.25 in.) diameter
bheads outside trim line at a
45-deg angle to the tip; feather
ends of trap beads.

Use a combination of trap beads
to pull out excess material;
hand-planish if required.

Continue the wedge pattern past
the trim area to pull out excess
material. (The gore dic was
too small to incorporate this
modification.)

This wrinkling did not occur
during Task II forming but only
during Task IV forming. The
wrinkling was minimized by
cutting down on the oil lubricant
film in these arcas and hand-
planishing.

This wrinkling did not occur
during Task II forming, but only
during Task IV forming. The
reason for the different behavior
is not known. The wrinkling
was eliminated by changing the
stiffening patternso the ends of
the stiffeners are no longer in
line.
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pre—

L The forming sequence that was selected for the test article gore pancels is illustrated |
P <

| in Fig. 4-28. Approximately five panels were formed per hour using this scquence.
The wedge-forming essentially removed any slight wrinkles ov "half-moons" that were

present in the streteh-formed part (from prior handling).

Three 0.05 mm (0.002 in.) gore panels were formed to sce if thinner sheets were
practical. Once the panels were formed, they werc handled nearly as easily as the
0.08 mm (0.003 in.) panels; the wedges rigidized the gores out of the plane of the
skins as desired. The stif‘ening beads increased this stiffening effect in the arcas
between the wedges. However, the 0.08 mm (0.003 in.) gore panels appear to be
the better choice when larger tank sizes are considered. Skins 0.03 mm (0.001 in.)
in thickness were also formed on the gore die to determine the feasibility of using
them as repair patches. The skins formed without tearing but did not form to as
tight a radius of curvature as the thicker skins. For wedge replacement patches,
skins of 0.05 mm (0.002 in.) or greater in thickness should be used. For localized
repair over a wedge or in areas between wedges and along joints, material down to

0.03 mm (0.001 in.) is satisfactory for use.

Polar Cap Forming. The same forming sequence shown previously in Fig. 4-28 for

the gore panels was used for the poiar cap, with one exception. On the second hit,
} the pressure was increased to 2.1 X 107 N/m2 (3000 psi) to provide better definition
around the wedges. Wrinkling off the wedge tips and near the wedge apex was mini- !

mized using trap beads. Any residual wrinkles were hand-planished.

4.1.9.3 Assembly Sequence for a Vacuum-Jacket Hemisphere. An assembly

|

»

|

; sequence was developed for trimming, cleaning, and welding the 9 gore panels. the
i polar cap, plus the 15 final closure flanges into a leak-tight hemisphere as illus-

| trated in Fig. 4-29. First, a trim template s made from a formed gore panel. The )
right edge and top of the template are trimmed net while the left edge is left oversize. |
This template is placed over untrimmed gorce panels (Fig. 4-29, Step 1) and the edges

arc marked by spraying with an MEK=-soluble black paint. The gore is then trimmed K
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with scissors and the cut edges planished with a Teflon block (Fig. 4-29, Step 2). The
polar cap is trimmed oversize and placed on the fiberglass hemisphere fitup and weld-
ing fixture tool. The ninc gore panels arc fitted to the polar cap using masking tape to
hold them in place. The joint overlaps arc sprayed with black paint. and the panels arc
removed. The left edge of the gore panels plus the polar cap arc final-trimmed to al-
low for a 0.38 cm (0.15 in.) overlap in the joints and 2 0.25 ecm (0.1 in.) overlap at
wedge tips,

The trimmed panels are vapor-degreased and placed back on the fiberglass hemisphere
tool (Fig. 4-29, Step 3). The 1.19 m- (47 in.) diameter fiberglass hemisphere tool is
mounted over the top of the lower copper welding wheel. A slot is cut at the pole of the
fiberglass dome so the top of the wheel protrudes through and is tangcent to the outside

of the fiberglass surface.

With the gores aligned and taped together, tack welds are made on the overlap region in
between the pieces of tape by manually guiding the hemisphere under the opposing
wheels. The tape is removed and additional tack welds are made until the tack welds
are approximately 1.3 ecm (0.5 in.) apart. Continuous seam welds on the nine gores
are made by sliding the gores around the hemisphere and guiding the joint under the

welding wheels.

The polar cap is then taped to and aligned with the joined hemisphere. Tack welds and
an overlap seam weld are made on the polar cap joint. The 15 flanges are taped in
place, tack-weclded. and welded at the final closure joint cedge. To ensure a good fitup
between flanges on opposing jacket hemispheres, the second hemisphere is mounted on
a fiberglass sphere and aligned with the first hemisphere. The flanges are taped in
place so they exactly mate with the opposing flange. The jacket hemisphere is removed
from the sphere and placed on the hemisphere tool. The flanges are tack welded and

then resistance scam welded.

4.1.9.4 Leak-Checking the Jacket Hemispheres. The welded hemispheres are at-

tached to a hemispherical tubular frame with tape.  All jacket openings are closed off
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kv REPRODUCIBILITY OF THE
ORIGINATL PAGE Y= poan

a. Oil the die, b. Place polyethylene sheet over
the die.

e. Roll rubber sheet over Adiprene f. Form part at 6.9 x 10° N/m2 (1000
sheet, psi); remove blark and polyethy-

lene sheet; replace blank and form
at 1.7 x 107 N/m?2 (2500 psi).

c. Oi 1
stes
ste:
she:

|
‘
|
|
|
|



> sheet over

»
© N/m? (1000
End polyethy-
>lank and form
2500 psi).

.
P

FOLUUUT FRAMF,

c. Oil inside of trimmed stainless
steel blank. Place stainless
steel blank over polyethylene
sheet.

"/ -
., : g “ ) )
LNy - : -.

-

2
LY
N

g. Hand-planish wrinkles where
required; remove part using
an air hose.

d.

Oil bottom surface of Adiprene
sheet; place sheet over stainless
steel blank.

Fig. 4-23

Gore Pancl-Forming
scequence for the Test Article
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and the frame is placed in a pool of wuter so the cquatorial final closure joint is under
water.  The frame is held down with 45 kg (100 1) of tead hricks. ‘The jacket is
purged of air with helium and pressurized to 2.5 em (1.9 in.) of water. The joints arc
then sniffed with a helium mass speetrometer leak detector.  Leaks at four places
along the joints were repaired by rewelding the leaking arca. No leaks were found in

any of the formed arcas away from the joints.
4.1.10 Test of the Hemispherical Vacuum Jacket

A series of tests were performed on a prototype hemisphere of the vacuum jacket to ob-

: tain the following design information:

® The pressure versus deflection curve of the jacket as a function of wedge width

e The elastic to plastic transition point of an expanding wedge as a function of
wedge geometry

e A check hetween prior flat-panel and hemispherical curved-panel expansion
data

¢ The uniformity of radial expansion of the jacket under point loads (simulating

spring/Kevlar attachments) for different stiffening patterns

From thesce data, the following information can be derived:

® Data necessary to design the vacuum-jacket expansion wedges for other tank
shapes and sizes

k ® The compressive load a streteched jacket exerts on the tank and the insulation

® The spring force required to expand the jacket

® The necessity for stiffening patterns in the flat areas

Hemisphere Pressure Expansion Tests. The vacuum-jacket hemisphere is mounted

over the top of a plexiglas hemisphere (that simulates the tank surface) as shown in
IFig. 4-30. The jacket was initially scaled off at the equator using a honded rubber
membrane. In addition, the jacket is tied down to the flange at each ol the 18 panels

with stainless-steel wires. The wires are brazed to a horizontal strip which in turn
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is honded to the inside of the jacket just above horizontal wedge 2. These wire sup-
ports hold the jacket as it is pressurized. yet allow the jacket to grow radially at the
cquator. This support method, however, prevents horizontal wedge 2 [rom expuand-

ing in the vertical directioa,

Initial pressure tests showed that the rubber membrane inhibited radial growth at the
cquator to too great a degree. Therefore, the rubher membrane was cut and a 10 ¢m
(4 in.) aluminum.dike was bonded around the jacket cquator. The space between the
dikc and the plexiglas dome was partially filled with water, immersing the jacket
cdge on both sides and providing a gas-tight liquid seal. The jacket expands at the

equator radially within the constraints of the wire supports.

Opening of the wedges under pressure is measured by bonding small screws on each
side of the wedge apex for 11 wedges and repecating this at approximate 90-deg intcr-
vals around the dome. Using a micrometer accurate to 0.025 mm (0.001 in.), the
distance hetween the screws is measured before, during. and after pressurc applica-
tion as shown in Fig. 4-31, and the delta wedge opening is calculated. For cach type
of wedge, four measurements are taken and averaged as shown in Table 4-4. The
pressure is measured with an inclined manometer acceurate to 0.03 em (0,01 in.) of

water as shown previously in Fig. 4-30.

Using these test data and the wedge characteristics shown in Table 4-5, the expansion
characteristics of the vertical wedges (I'ig. 4-32) and horizontal wedges (Fig. 4-33)
arc plotted. Analysis of this family of straight lines showed they could be character-
ized hy the equations given on the respective figures to within 2 precision of several
percent.  The vertical and horizontal wedges were analyzed seoparately beeause the
vertical wedges have a single curvature while the horizontal wedges use a double

curvature.

The clastic to plastic transition region for each wedge was determined by the point at

which the wedge no longer returned to its original dimension following the pressure

4-50

LOCKMHEED PALO ALTO RESEARCH LABORATORY

POV EHEERD MiS S kS 4 S P ACE COMPANY INC
A CUBRSIDLARY [V} (IS RO S I N Y] ALRCOP AT coORPHRAT ON




o T/ T T T o = o e

d gl
- o

g, 4-31 Meceasuring Wedge Expansion

test as shown in Fig. 4-34. As can be scen from this figure, wedges 3 through 6
have yielded at various expansion values while wedges 7 and 8 have not. Wedges 9.
10. and the polar cap wedge were analyzed separately since they provide the transi-
tion region into the rigid polar cap. Note in IFig. 4-35 all these wedges are still in
the elastic range at the highest pressure tested,  When the amount cach of these
weoedges in Figs. 4-31 and 4-35 have opened (at vield or at the highest pressure tested
while still in the clastic range) is plotted against wedge height, the curve in Fig. 1-36

results. Empirieally fitted equations for these curves are also shown.
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Table 4-4

WEDGE EXPANSION TEST DATA
(PRESSURE TEST)

2
Internal Pressure N/m”
(psi)
148 187 209 247 278 321 350
(0.022) 0.027) (0.030) (0.036) (0.040) (0.047) (0.051)
> ; 6 Wedge No.
P 0
t: 3 Aw®) mm (in.)
o= M
- m -
- O 3 1.3520.15 1.68 =+ 0.08 1.95=2.23 2.1320.15 2.36 £ 0.08 2.7720.15 2.90 % 0.18
- X
o z ; (0.053 = 0.006) | (0.066 = 0.003) | (D.073 + 0.009) | (V.03 = 0.006)| (0.093 = 06.003)| (0.109 = 0.NO6) | (0.114 = 0.097)
w r
- et (o) 3 1.19=2 0.1 1.52%0.05 1.7520.23 2.01 % 0.05 2.18+0.13 2,492 0.15 2.7720.30
2 - E (0.047 + 6.004) {(0.060 £ 0.002) [ (P.069 : 0.009)| (0.07Y & 0.002)] {0.086 = 0.0035)|(0.098 < N.00T) | (0.109 = 0.012)
-
e O S _ 0.76 £ 0.1 0.92+0.03 1.17+£0.03 1.27 2 0.08 1.5220.08 1.6810.1 1.80 2 0.0%
- b
° - : én (0.030 = 0.004) [(0.039 : 0.001){(0.046 £ 0.001)| (0.050 £ 0.003)} (0.060 = n.003) (0.066 = D.N01){ (0.0T1 = 0.003)
Al 1)) nN
> : g 6 0.58 + 0.13 0.89 2 0.05 1.1220.18 1.222 0.1 1.30 2 0.05 1.63 = 0.1 1.6 20,313
T3 0.023 = 1.003) {(0.035 2 0.002)!(0.0431 « 0.007 O3S £ D.004){(0.051 = 0.0n2 0.64 = 0. DD D .NES = n.0n3)
3 ( )| {
> n
T o I ~ N.36 : 0.05 0.51 : 0.03 0.56 £ .1 0.61 & 0.05 0.76 2 008 0.39 = 0.05 0.9 201
r 7
~ : » (0.014 = 0.002) {0,020 - 0.001){(D.022 - D.00T)E (0.25 ¢ 0.002)1 (0.030 : D.003)| {0.035 : D.002) [ (D.OI5 - 0 )
o>» B
g f g 5 N.30 - 0.25 0.43 - 0.03 0.53 = 0.03 0,45 £0.1 0.5%20.03 .69 n.03 0N.7H 2 0.0s
o . b
- 3: (0.012 - D.V10) [(0.01T : 0.001)1(D.021 ¢ 0.ON3) | (N.01H - 0.004)| (0023 = 0. D01 (D027 = 0.001) (N.N31 = 0_NN3I)
»
o X g N .25 - 0.2 0 2% :0.03 0.25 : 0.03 0n.28 £ 008 0.33 :9.03 0,31 = 0.5 n.41 2 0.03
~
* < (0011 = B.00S) [(H 011 = 0. 0011 (D.O1] = D ONL) (P 01T - 0.003)| (0 D13 = 0001 (P.016 = ¥.DO2)] (0. 016 - 0 001)
10 0.18 + 01 0 30 005 0.3 2 015 ' 0.36 + 015 0 31 =015 0 51 ¢ v 0s N.56 =01
|
(0007 = 0.004) [(H 012 £ 0.002) [(0.016 : D.ODE) (0. ELE = V.ONE)| (0.020 - 0.006) (D.020 = D_ONI) [ (D22 = D0
lar C 0.13 : 0.1 0.51 £ 0.05 0.69 2 0.05 6.73 2 0.05 0.36 = 0,05 1.04 2 .05 1.1220.03%
Polar Ca
P (0.017 = 0.004) [ (0,020 : 0.002)| (0,027 + 0.002)} (0.025 : 0.002)] (0.031 - D.003) (0.041 = 0. o)} (0,033 - 0. 00B)
(a) AW = W =W average of -1 measurements around sphere ~ 907 apart.
pressure prior to pressure.
application
e e e —_ . _ _— - a - - A —



Table 4-5
5 WEDGE DIMENSIONS
Maximum Characteristic
Wedge Wedge Length, L
' .- Wedge Width, W Height, H cm in
] - Q cm in cm in
taIx
I m 1 0.762 | 0.300 1.240 0.488 11.04 16.16
"3 2 0.762 | 0.300 1.240 0.488 40. 24 15.84
=15 3 0.691 | 0.272 1.105 0.435 36.58 14.40
ol E 4 0.691 | 0.272 1.105 0.435 35.98 11.16
i g 5 0.579 | 0.228 0.897 0.353 29.71 11.70
- B
°Ln 5 6 0.579 | 0.228 0.897 0.353 29. 66 11.68
> > m ~
; =12 = 7 0.465 | 0.183 0.683 0.269 22. 64 8.91
- 9 8 0.465 | 0.183 0.683 0.269 22.90 9.01
T o
3L 9 0.366 | 0.144 0.503 0.198 16. 61 6. 54
»
e o 10 0.366 | 0.144 0.503 0.198 12. 24 1.82
: 3 Polar Cap 0.757 | 0.298 1.229 0. 484 (Ver) 22..2 3.67
i ~-0
- 233 (Hor) 13.44 5.29
e‘
; _0.5W 1 A1) A D o w
: H=tanesz R lsmosz R ; < 5
0 / 9 | C.\J w
6 = 30 / H =R
R = .064 cm (. 025 in) y J_ EECC;:’
— " =g
E
« -
-
0
» =
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I'ig. 4-33 Horizontal Wedge Expansion in the Elastic Range
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INTERNAL PRESSURE, P, N/MZ (Psl)
148 187 209 247 278 321
0.8~ (0.022) (0.027) (0,030K0.036) (0.040) (0.047)
3
L
2 0.7}
=
[
a
b3
> 0.6
I}
Q
d
2 s OR P
0.5} s
< Y 6,93 x 10 2
g .9 Swonmm WM om
Z ANALOGOUS 39.6 ¢
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0.4~ STRESS o 177 )
W -0,26 N/M® M
P ——-——3;0_'8':’2 PSIIN
0.3 l 1 I I J 19 L |
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f (3% ) 100 o
Fig. 4-32 Vertical Wedge Expansion in the Elastic Range
0.9
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Q
z
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w
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UND  (C™)
i i i1
| | 1{
|
0.3 O SINGLE CURVATURE WEDGE AT ELASTIC-PLASTIC TRANSITION Vs
01 DOUBLE CURVATURE WEDGE AT ELASTIC-PLASTIC TRANSITION /'l{l
I'
o S SINGLE CURVATURE WEDGE STILL IN THE ELASTIC RANGE // U
' [l DOUBLE CURVATURE WEDGE STILL [N THE ELASTIC RANGE / //l 1
. ! o/ 7
DELTA | l 2 S/ |
WEDGE i | AW = 0.159 - 0.382H + 0,403H2, CM ~_ [3/4 (!
oreninG, | 02 AW = 0,090 - 0.201H + 0,0279HZ, CM \> 7 |
aw l ) ' ) ' 7 Vs
| |WHERE /// | [/
| =05<H M <13 S 1 ||
I | ) i I I
0.05 - | 6 l L
| | = | )} POLAR CAP
0.1 — | l 4/ I | il
I f‘7,’4 ] ‘l
| /,;;t;e | ALL WEDGES ARE 30 DEG ||
L= ¥
410 | ! { H
Q9 | i | 1
| l )
| { { i
‘ 1
ol o | 11l | i ! | Ll J
0.4 0.5 0.6 0.7 0.8 1.0 T 1.2 1.3 (CM)
. 1 1 1
0.2 0.3 0.4 0.5 (IN.)

WEDGE HEIGHT, H

Fig. 4-36 Elastic-Plastic Transition Points Versus Wedge Height

The following conclusions can be reached from Figs. 4-34 through 4-36. Wedges 3
to 8, 10, and the polar cap wedge remain in the desired elastic range for the design
valuc of 0.35 percent. Because of the higher yicld point as the wedge size increases.
wedges 1 and 2 can be assumed to he in the elastic range by cxtrapolation. Wedge 9
is still in the elastic range at 0.25-percent expansion (the highest pressure tested)
and probably does not have to go any higher than this value to function properly. The

reason for this statement is the jacket is going from 0 expansion at the solid polar
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cap out to the full 0.35 percent expansion in a horizontal dircction just below wedge 9.
Therefore, it is logical to assume wedge 9's expansion will he somewhere hetween
these values in this transition zone, as indeed it is. Additional tests have shown chang-
ing the rigid polar cap from 0.08 mm (0.003 in.) in thickness to 0.041 mm (0.016 in.)

has no effect on the jacket expansion characteristics.

The clastic stress-strain curve and yield point for the flat pancl and hemisphere arc
compared in Fig. 4-37 for wedges of identical height. Note the flat pancl and the hemi-
sphere stress-strain slopes are identical for a single curvature vertical wedge. The
hemisphere double curvature horizontal wedge is about 10 percent lower than the other
two wedges. The significance of this agrecment is as follows. For any future design
improvements, test results from lower cost flat panel tests can be extrapolated with
confidence to curved panel designs. Also, these data are applicabie *o other jacket
shapes such as ellipsoids or cones as long as the radius of curvature at any point is

equal to or greater than that tested, 0.60 m (23.5 in.)

Also note in Fig. 4-37 that decreasing the wedge angle from 64 to 30 deg increased the
wedge opening AW before yiclding occurred. To see if the yield point as a function of
wedge angle could be predicted, a mechanism was postulated that contributes to this
plastic deformation. As a wedge opens up during expansion, thc wedge tips move down

as shown.

,A\ — == ==
| T
AW/2  AW/2 }

However, the movement normal to the planc of the panel is resisted by the adjacent

wedge located 90 deg to the tip.
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(PSI) (N/M
150110y —— - ELASTIC EXPANSION
30 DEG HORIZONTAL
WEDGE _
-
A b
g i ELASTIC LIMIT
& . (VERSUS WEDGE ANGLE)
7.3 100~
) PREDICTED
3 WEDGE MEASURED AV, CM(IN)
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Fig. 4-38 Potential Out-of-Plane Movement of the Vacuum Jacket

4-58

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCXMESED

A SUBsSIDIARY

MissiLES ] SPACE COMPANY INC
ot [(N-N NN N AlLRCRAST CORPORATION

—_— o e e



As the wedge angle 6 decreases, the ratio of potential movement of the jacket normal
to the panel AY to cxpansion in the planc of the pancl AW decreases as shown in

Fig. 4-38. Consequently, the narrower wedge can open further before ‘he same poten-
tial movement out of the plane of the panel occurs. (Note that the movement is inde-
pendent of the length of the wedges.) It is believed that the magnitude of this potential
out of plane movement, being resisted by the opposing wedges at 90 deg, contributes

to the elastic-to-plastic transition region measured.

If it is assumed that the yield point is inversely proportional to VAY/AW, then the
predicted values shown in Fig. 4-37 agree relatively well with the measured values,
although no attempt was made to account for the differences between the single curva-

ture (vertical) and double curvature (horizontal) wedges.

Hemisphere Point Load Expansion Tests. To simulate the spring/Kevlar attachment

design, the jacket is expanded by pushing outward in the center of designated pancls.
Bolts (mounted in the plexiglas dome) with swivel pads 1.3 cm (0.5 in.) in diameter
attached to the ends of the bolts are bonded to the inside of the vacuum jacket as shown

in Fig. 4-39.

The relative radial expansion over the surface of the jacket is mecasured from the out-
side of the jacket using a curved swing arm as the refercnce surface with the pivot

point located over the pole. The other end of the swing arm is located accurately at

the equator using pointed screws and matching center punch marks on the equator flange.

Radial holes drilled in the swing arm allow a depth gage to be inscrted at 16 points

going from the equator to the pole. The depth gage, accurate to 0.025 mm (0.001 in.),

is connected to a battery operated electric buzzer as shown in Fig. 4-40. \Vhen the gage

just touches the jacket, the buzzer sounds, allowing very accurate, repeatable measure-

ments to be made. At three of the locations, a calibrated compression spring device
mounted in the plexiglas dome is used to measure the force required to expand the

jacket at that point over a given distance.
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The following panels are supported for these tests:

Between Wedges

2-4 all 18

4—-6 all 18

6-8 none

8~10 9 (every other onc)

For the initial test, the jacket is expanded radially 0.21 percent at the point supports.
This value simulates the maximum dimensional change the stainless-steel vacuum
jacket can experience going from below its minimum orbit temperature of 167°K
(300°R) to ambient temperature. Radial deflection measurements are taken in the

following panels:

® Nonstiffened panel

Fig. 4-41
® Adjacent panel with joint
o Vertical stiffener panel
e '"Cross'" stiffener panel

Fig. 4-42

e Panel with joint located hetween

the two stiffened panels

The results are presented as the percent change in radius of the jacket in between the
point load supports; at the point load supports, the percent change is by definition zero.
A negative change indicates a decrease in thickness of the vacuum space. Each value
shown is an average of four to five measurements. Comparing Fig. 4-41 with Fig. 4-42
shows that the unstiffened panel is best at keeping the vacuum space uniform, followed
closely by the cross stiffener pancl. The vertical stiffencr is the least efficient of the
three designs at keeping the vacuum space uniform. However, on the unstiffened panel,
a small buckle formed in the panel between wedges 8 and 10. Note the larger movement
inward for the unsupported pancls as compared to the supported panels.
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The bolts were screwed out further until the point load radial expansion equaled

0.43 percent, a value slightly higher than the 0. 35 percent required during installation
of the jacket. As can be seen from Figs. 4-43 and 4-44, the cross stiffener is slightly
superior in maintaining a uniform vacuum spacec as compared to the unstiffencd

panel between wedges 2 and 4 and 4 and 6 while the reverse is true hetween wedges

8 and 10. TFor the unstitfened panel, slight buckles formed in all the supported panels
radiating out from the support point toward a corner as shown. The vertically stiffened
panel allowed greater inward movement than the others. Unsupported panels moved
inward the greatest amount. Some buckles are also noted in several of the joint
supported panels.

Based on these test results, the following design choices were made. The support point
area at the spring/Kevlar attachments was increased by a factor of four, with a selected
diameter of 2.5 cm (1 in.). The cross-stiffening pattern was selected for the panels.
All panels are supported by the spring/Kevlar attachments.

Force measurements at three panel locations plus the pressure expansion data described
previously provided the data for calculating the spring force required to expand the
jacket 0.35 percent during installation as shown in Table 4-6.

} 4.1.11 Spring Assembly Development

| To support the vacuum jacket under acceleration loads outside the atmosphere (when
the compressive load on the jacket is removed) and maintain a relatively constant jacket
spacing off the tank wvall independent of tank or external temperature changes, spring
assemblies are used.

These assemblies, held in compression by three Kevlar strands, arc designed to

minimize the heat leak to the tank yet provide the required structural support. Tests
described in section 4.1.10, plus analyses of the acceleration loads in section 2.2,
established the following requirements:

| e Spring force in the compressed condition: > 5.5N (> 1.24 1b)
e Tensile strength of the assembly: 22 N (5 1b)
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Table 41-6

SPRING FORCE REQUIRED FOR VACUUM JACKET EXPANSION

Jacket Panel Area Pressure Required Spring Force
Between Wedges m2 for Exparllfsion of Required
’ ) 0.357M
(in%) N/m? (psi) N(by)
2-2 (Equator) 0.0432 128 5.52
(66. 95) (0. 0186) (1. 24)
2-4 0, 0380 139 5.29
(58. 88) (0.0202) (1.19)
4-6 0.0276 179 4.94
(42. 84) (0.0260) (L.11
6-8 0.0172 272 4,67
(26.64) (0.0395) (1.05)
8-10 0.0096 548 5.29
(14.95) (0.0795) (1.19)
Calculated from Direct
Pressure Expansion Point Load @
Test Data Measurements )
(Each of 162 panels (106 out of the
is supported) 162 panels are
supported)
Total Force
Required
for 0.35% 827 667
Expansion of
Jacket Sphere (186) (150)
N (lbf)
Avg. Force/Unit 186 152
Area
N/m? (psi) (0. 027) (0.022)

(@) The unsupported panels don't move out the full 0. 35%:
therefore, the total force required is less than when
all panels are supported.
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¢ Rotational capability of 0.5 deg during jacket movements
¢ Capability to move inward 0.25 em (0.1 in.) under a 1-atmosphere
compressive load (to prevent jacket damage in casc of microsphere

voids)
To meet these requirements, the design shown in Fig. 4-45 was developed.

Properties of the Kevlar strands that make it attractive for holding the spring com-
pressed are as follows:

Filament diameter 0.001 ¢m (0.0004 in.)

Number of filaments in a strand ~400

Ultimate tensile strength: 2.8 X 10° N/m2 (400, 000 psi)
Knot strength: 0.35 of ultimate tensile strength

Thermal expansion coefficient -2 x 10_6 em/eme°C (-1 x 1()-'6 in. /in.°F)

Maximum use temperature: 238°C (460°F)
(higher for short periods of time)

Thermal conductivity (see Fig. 4-46)

® Remains flexible at cryogenic temperatures

The key features of the design that required testing are

e Structural integrity of the epoxy bond to the tank under repeated thermal cycles
e Tensile strength of the assembly

To thermally cycle the epoxy bond, the following test is performed.

Two hexagonal sheets of 2219-T37 aluminum were bonded to a 2219 T-37 Al plate
simulating the test tank. (The shape was later changed to circular.)
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37 HOLES, T = T i
0.20 CM (0.08 IN.) o
DIAMETER — — B 2.3 CM
B (0.9 IN.)
4 |
0.01 CM 0.1 CM
(0.004 IN.) (0.04 IN.)
BOND
0.1CM
(0.04 IN.)
B~-B A-A

The surfaces were cleaned with MEK prior to honding with Iipibond 123/9€¢15-10 cpoxy
adhesive. The two-part adhesive formed fillcts around the edges and into the holes of
the perforated plate. These fillets are placed in shear during thermal cycling and act
as ""peel stoppers' in the bond line.

The adhesive is allowed to cure 24 hr at room temperature and then taken to ~ 113°C
(235°F) for 1 hr to simulate the hot-gas purge that was originally planncd for use prior
to filling the jacket with microspheres. The test specimens arc immersed in LNZ‘,
after 15 s the rapid boiling subsided; the specimen is held in the LN, for an additional
15 s and then removed. The test specimen is brought back to ambicn—t temperaturc
within 60 s using a hot air gun. This thermal shock cycle was repeated 100 times with
no evidence of bond-line crazing or delamination on cither specimen. Since 100 cycles
cxceeds the design requirement by a factor of 5 and going to LN2 temperature simulates

94 pereent of the contraction the aluminum will experience going to LI, temperature,
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this honding method has heen selected for attaching the spring wire attachments to the

tank surface. Prior tests (Ref. 4-1) have also shown there is no outgassing of this

type of adhesive at LO2 cr LH,_ temperature .

2
Structural integrity of the assembly was demonstrated by the following tests. The
Kevlar strands were flexed in LN2 with no signs of.brittleness. The spring/Kevlar
attachment was assembled,including a simulated bonding to the aluminum tank and a
simulated soldering to the vacuum jacket. The assemblies were pulled in tension to
see if the soldering temperature affected the Kevlar strength and where the weak lini-
in the assembly is located. The results are shown in Fig. 4-47.

4} KEVLAR

SIMULATED > y====aocoos oo KNOT
CRES — SOLDER EPOXY
JACKET /:—_——__‘-‘ r-—— KEVLAR (3 PLACES) BONDED
—____—d
SPRING A | A— ALUMINUM TABS

F;nma%
G EPOXY BOND TO TANK

| ASSEMBLY NO,

; 1 ALUMINUM TABS, EPOXY BOND
' TO SPRING LET GO AT 236 N

L (53 Lsﬁ. THE KEVLAR STRANDS
i WERE UNBROKEN,

; 2 THE TOP COATED CRES PLATE

, WAS SOLDERED OVER ONLY ONE- )
| HALF THE SURFACE TO SIMULATE |
P THE WORST MISMATCH POSSIBLE <
i DURING INSTALLATION. THE ‘
| SOLDER JOINT PERLED AT 53 N (12 LB¢); :
‘ THE KEVLAR STRANDS WERE INTACT. |

| Fig. 4-47 Tensile Tests of the Spring Assembly
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Two out of the three Kevlar strands were cut. With the end plates attached to the
simulated tank and jacket, the assembly remained stable and did not buckle. Since
the design tensile requirement for the assembly is 22 N (5 1bf), the assembly is more

than adequate for (1) a mismatched solder joint and (2) up to two strands of the Kevlar
breaking .

In fact, on future programs, smaller Kevlar strands can he used to reduce the heat
leak as the current size Kevlar strands can theoretically sustain a 512 N (115 1h,) load

f
and are over-designed from a strength requirement standpoint. The elongation for the
assemblies tested varied between 1.4 X 10"4 to 3.6 X 10-4 mm/N (6 X 10-4 to

16 x 10-4 in. /lbf). Consequently, the change in assenibly length at design loads is

very small as desired.

An asserably sequence was developed for the spring assembly as follows:

¢ Attach the aluminum end plate to the spring by bending the thre: tabs over the
spring wire.

e Spot weld the two eyelets to the stainless-steel end plate in a jig fixture.

¢ Attach the stainless-steel end plate to the spring by spot welding.

e Coat the outer surface of the stainless-steel end plate with 95%Sn-5%Ag solder.
Rinse off the residual flux in hot water.

e Compress the spring assembly to the design height between special jaw attach-
ments in a vise that allows access to the three holes in the end plates.

e Run the Kevlar strand through the end plate holes and around the spring at
three locations. Tie a knot at the aluminum end plate. Placc a drop of epoxy
adhesive on the Kevlar knot. Cut off the excess Kevlar strands after the
epoxy cures. [The design height was held to 2 0,03 cm (+ 0.01 in.) using
this assembly method. ]

The spring assemblies are installed on the tank in the following manner. The aluminum
end plate is bonded to the aluminum tank with Epibond 123/9615-10 epoxy adhesive.
The adhesive is allowed to cure overnight at ambient temperature with the assembly

4-70

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKRHEFD  MISSILES & SPACE COMPANT INC
A SURS(DLARY Qs LOCRNEED ALRCRAFT CORPORATION




held in place with rubber strips. Following installation of the jacket, the stainless-steel
end plate is soldercd to the inside of the jacket by heating from the outside with a cir-
cular shaped copper soldering iron 0.38 cm (0.15 in.) larger in diameter than the end
plate. The temperature of the iron is controlled by a voltage regulator. Although the
temperature was not measured, it was hot enough to ensure uniform solder flow within

5 s. The iron was removed after 15 s, and the joint area cooled with an air gun for 45 s.
To inspect this blind joint, tape is attached to the outside surface of the jacket and the
tape is pulled with the device shown in Fig. 4-48.

EXTENSION SPRING

CALIBRATION MARK
>

3M250 TAPE PIN

VACUUM JACKET

BLIND SOLDER JOINT

Fig. 4-48 Inspection Method for Spring/Jacket Solder Joint
The calibration mark on the device is set at 4.4 N (1 lbf). To avoid potential damage

to the jacket in case the joint fails, one hand rests against the jacket in the joint area
as the spring ir extended with the other hand. If the joint fails, the areca is rcheated
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to obtain a better solder joint and then reinspected. Installation of the tape, performing
the pull test,and removal of the tape takes slightly under 1 min for each joint that is
inspected.

4.1.12 Tests of Gold Coatings

Gold coatings with an epoxy substrate are dezposited on both the inside of the vacuum
jacket and the outside of the tank surface to reduce radiation heat transfer through the
uncoated microspheres. A series of thermal shock tests were conducted to determine
if large temperature changes would cause the gold coating to peel or to increase its

emittance value.

Earlier in the program, a 400—1; gold coating was selected when metallic coated micro-
spheres were being considered. When uncoated microspheres were selected, the gold
coating thickness was increased to 1000 ;x to reduce emittance values to a minimum and
reduce the rad1at10n component of heat transfer. Consequently, test data are reported
for both 400 A and the selected 1000~ A gold coatings.

Samples of the formed stainless-steel vacuum jacket 13 em (5 in.) by 18 cm (7 in.)

by 0.08 mm (0.003 in.) are coated with a 0.01 mm (0.0005 in.) thickness of epoxy
followed by 400 or 1000 /; of gold. The epoxy is required to provide good adhesion of
the gold. The samples were immersed in LN ; boiling stopped in 5 8; the samples
were held in the LN2 for an additional 10 s. I‘ollowmg removal from the LN2, the
samples were brought back to ambient temperature within 20 s using a hot air gun. The
test results are shown in Fig. 4-49.

Samples of alodined 2219 aluminum 17.8 cm (7 in.) by 8.9 ¢cm (3.5 in.) by 0.81 mm
(0.032 in.) were coated with a 0.01 mm (0.0005 in.) thickness of cpoxy followed by
400 or 1000 /;\ of gold. The epoxy is required to provide good adhesion of the gold.
The 400-103& samples were immersed in LHe and then brought back to ambient tempera-
ture with a hot air gun. The 1000-/; samples werc immersed in LN2A Because of the

rapid helium boiloff and the difficulty in ascertaining whether the sample reached LHe
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Fig. 4-49 Effect of Thermal Cycling on Gold Coated Samples

temperature, an additional 20 cycles were performed between LN2 and ambient tempera-
ture for the 400-A gold coatings. The test results are shown in Fig. 4-49.

No significant change in emittance was noted in any of the tests. A tape test also showed
good gold adhesion; 0 percent gold removal was noted before and following any of the
thermal shock cycles.

4.2 MICROSPHERE INSULATION PROCESSING DEVELOPMENT

Thirty-two kg (71 1b) of glass microspheres were fabricated at the 3M Company, New
Business Development Department in Minneapolis, Minncsota. The resulting boro-
silicate glass spheres are designated B12AX. Processing steps were developed to
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obtain the desired physical characteristics of lower density, removal of weak spheres and
and broken particles. and evacution of the microsphere's interior. Details of each of

these steps follow.
4.2.1 Sizing

The desired microsphere size range was obtained by processing the microspheres in an
air classifier at the Donaldson Co. in Tulsa, Oklahoma. The desired larger diameter
spheres were separated from the smaller spheres in a size 1 Majac Air Classifier at
feed rates ranging from 3.6 to 7 kg/h (7.9 to 15.4 1b/h) using an injector operating on
0.6 standard m3/min (21 ft3/min) of air at 3.4 X 16° N/m2 (49 psi) gage pressure and
300 to 306°K (540 to 551°R) temperature. The classifier settings were 3000 rpm and
9.5 m3/min (335 fta/min) of fan air at 314 to 322°K (565 to 580°R) temperature and up
to 0.25 m (0.8 ft) of water pressure drop.

The microspheres were processed in eight batches and the yield of the desired larger
diameter spheres ranged from 39 to 47 percent. The measured size ranges for the
larger diameter particle fraction and smaller diameter particle fraction are shown in

Fig. 4-50. The random close-packed bulk densities of the two fractions were measured

2 SMALLER DIAMETER FRACTION LARGER DIAMETER (SELECTED ) FRACTION

VOLUME (%)

/

0 e e

20 40 60 80 100 120
MICROSPHERE DIAMETER (um)

Fig. 4-50 Microsphere Size Distribution
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and found to be

e Larger diameter spheres: 0.0718 g/cc (4.48 lb/fts)
(selected for use)
¢ Smaller diameter spheres: 0.0856 g/cc (5.34 1b/ft3)

(contained large fraction of broken spheres)
The densities include any broken or solid spheres.

4.2.2 Compression

To eliminate those microspheres incapable of withstanding a 1-atm compressive stress,

a metal cylinder, with a 0.24 m (9.45 in.) ID,was constructed as shown in Fig. 4-51.

The outer cylindrical shell rests on eight springs placed over eight guide rods. The
center piston is fixed, and a split nylon O-ring seals between the cylinder and the

piston. The piston volume is nearly filled with microspheres and the metal disk (with

an O-ring seal) is placed on top of the cylinder. The apparatus is compressed to 1.33 atm
and held for several seconds. The load is released and the microspheres removed with a
a metal scoop. Initially, a new, clean commercial vacuum cleaner (lined with a poly-
ethylene bag) was used to remove the microspheres from the compression test apparatus.
This method was discontinued when microspheres escaped into the air through the

vacuum filter attach area. It is felt the vacuum cleaner removal method will work if

the filter is attached more securely and the polyethylene bag liner is contained in a frame-
work to prevent it from being sucked in covering the central filter area.

4.2.3 Separation of Unbroken Spheres

The broken and solid spheres are removed in the flotation apparatus shown in Fig. 4-52.
The sized microspheres arc poured into the upper rotating can and mixed with water.

The rotating elbow discharges the slurry beneath the water surface into a 0.21 m

(55 gal) drum where most of the broken and solid particles sink to the bottom and the
unbroken spheres rise to the top. The unbroken spheres flow over the spillway onto a
fabric filter. The water is pumped back into the rotating upper drum and the processed
spheres are scooped off the filter with a stainless steel spatula and then dried in an oven.
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The {lotation apparatus works well. The microspheres cject beneath the water's sur-

face in an expanding plume, and the unhroken spheres spival to the top as the expulsion 1
orifice rotates. The processed microspheres arc casily removed from the filter with <
the spatula and the fabric filters work well in separating the microspheres from the

water,

The average count of cracked spheres left after three flotations is approximately 7 per- ‘
cent. The measured bulk density of the processed spheres is 0.069 g/cc (4.3 1b/ft3).

To determine whether the spheres' compressive strength is reduced by the water immer-
sion process used to separate broken particles, a load vs. sphere breakage curve was
performed and compared to a previous curve (where the microspheres were not pro-
cessed through the flotation bath). No significant difference was noted between the two
samples as shown in Fig. 4-53.

30
:\j
n © _
& 25 | BEFORE SPHERES TEST METHOD
‘ & msggsré%c]gsgso BY WEIGHING PRECIPITATED
bl FRAGMENTS FROM AN ALCOHOL
z WATER FLOTATION SOLUTION
’ é 20 + APPARATUS
r & |
' (=4 .
O !
015 |- |
F U5
hV4
0]
<{
t o |
] ) ‘
, z 10 + )
| w ‘
: 2 AFTER SPHERES ‘
; ] WERE PROCESSED BY MICROSCOPIC
i 2 5t THROUGH THE WATER | COUNT .
L £ FLOTATION APPARATUS ‘
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v4 o |
0 S 1 |
0 1 2 N

COMPRESSIVE LOAD (ATM)

Fig. 4-53 The Effect of \Waier Immersion on the Microspheres
Compressive Strength Capability
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4,2.4 Microsphere Vacuum Bakecout and Transfer

A microsphere vacuum hakeout and transfer container was fabricated as shown
in Fig. 4-54. The apparatus allows vacuum hakeout of the microspheres while in the

horizontal position, and microsphere transfer to the vacuum jacket by gas fluidization
in the vertical position.

The system can be operated at temperatures as high as 427°C (800°F) and pressures

down to .0013 Pa. The bakeout function of the apparatus was checked out by the follow-
ing tests.

Microsphere Vacuum Bakeout. Microspheres were placed in three 1-liter stainless-

steel cans. The cans were lowered into the bakeout apparatus and the pressure was
lowered to .0027 Pa. The heaters were turned on and the microspheres were vacuum
baked out for slightly over 18 days at 421°C (790° F'), as shown in Fig. 4-55. The
heaters were turned off and the microspheres were kept in vacuum for a total of

35 days until compression tests on the microspheres were ready to be performed. The
apparatus was then back-filled with GN, to 1 atmosphere.

Note the pressure spike that occurred the first day due to the heating; after approxi-
mately 5 days the pressure was back to the preheating pressure value. The pressure

continued to decline slowly during the heating cycle and dropped to .0013 Pa for
a short time when the heating was discontinued.

The vacuum-baked microspheres were placed in a compression apparatus within hours
after they had been removed from the bakeout apparatus. The microspheres were
compressed over the range of 1 to 2 atmospheres. TFive samples of the microspheres
were taken after each load application; the broken particles were counted under a
microscope. Figure 4-56 shows there apparently was a slight increase in the percentage
of broken particles at 1-atmosphere load, with no significant changes at the three higher
loads (as compared to microspheres that had not been vacuum-baked). These variations
could be due to the sampling technique and/or the normal statistical fluctuations in the
counting. In any event, the incrcased magnitude of breakage does not appear to be large

enough to be of concern in the Tug insulation application.
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Fig. 4-56 Effect of Vacuum Bakeout on Microsphered Compressive Strength

To determine if the vacuum bakeout reduced the internal gas pressure in the micro-
spheres, the following tests were conducted. A known quantity of unbaked microspheres
was placed in a stainless- steel container along with stainless-steel balls and connccted
to a vacuum pumping system. The container volume was calibrated, pumped down to ‘
013 Pa and shut off from the vacuum system. The container was shaken while mounted 1
on an ultrasonic vibrator causing the steel balls to vibratc rapidly and break the micro- d
spheres. The new pressure was measured. The container was then taken to LN, |
temperature and the pressure measurement was again taken. The percent of sph‘-eres “
broken was measured by an alcohol flotation technique. This whole procedure was
repeated using microspheres that had been vacuum baked-out. The results of these
x tests arc as follows:
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{ Internal Microsphere Pressure (Pa) |

At LNo Temperaturc At Ambient Temperature

Unbaked Microspheres 933 + 666

Data not available

28,200 % 2,400

Vacuum Baked Microspheres for 18 days 320 = 197
The gas composition of the unbaked microspheres was detcrmined by use of a mass -
spectrometer using the gas sampling method described previously. The gas was
determined to be 99.97% SO, with 0.03% air and no water vapor. Conscquently, the

: partial pressure of air is 8 Pa. If some of the microspheres arc broken during
flight, the pressure in the jacket can rise, increasing heat-transfer rates. However,
if the tank is at LH2 temperature, the gases will cryopump and no pressure rise will

be noted.

Gas Vapor-Pressure (Pa)

LO2

90°K (162°F)

LN2

77°K (139°R)

LH,
Z

21°K (37°R)

so?_(a) < .013 < .013 << .013
? 0, 1 x 10° 1.9 x 10* 1.3 x 10713
| N, 1 % 10° 1.3 x 1072 |

(2)Melting Point = 198°K (356°R)

]
|
|
} At LO2 or LN2 temperature, the SO2 will eryopump, but the vapor pressure of the 0,
i and N, trace gases will be high.

:

A substantial prcssure drop can be effected in the microspheres by a vacuum bakeout
as shown in Fig. 4-57. Gas permecation rates through glass are an exponential function

for a constant temperature so a plot of pressure versus time is a straight line on a
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semilog plot as shown. This relationship is only strictly true for a single gas bhut

applics in this case hbecause of the preponderance of 502 present,

The air partial pressure versus time is also plotted in Fig. 4-57,assuming 02 and N_

permeation rates are equal to SO, . Since gas permeation rates through glass generally

2
go up as the molecular weight decreases, the slope of the 02(M W = 32) and N2 |
(MW = 28) curve should, if anything, he steeper than 502 (MW = 64), and the

curve shown should be conservative.
A pressure of < .0123 Pa is required to obtain optimum thermal performance; there-
fore, a 60-day bakeout is required as shown in Fig. 4-57 to prevent pressure rise

above .013 Pa.

Microsphere Transfer. The microsphere vacuum hakeout and transfer apparatus was

partially filled with microspheres and then raised to a vertical position using a sling
and overhead crane. A nitrogen gas supply is attached to the hottom port and clear
plastic tube to the transfer port as shown in Fig. 4-58.

Gas flow was increcased through the hottom port until the microspheres started to flow
through the tube. A gas pressure of 1030 N/m2 (0.15 psi) and a gas flow rate of

8 x 10-4 m3/min (0.03 ctm) initiated f1ow of the microspheres ihrough the transfer
tube. The flow was very smooth and nonturbulent, similar in appearance to pouring
milk from a tube. A microscope count of the microsphere breakage before and after

transfer showed no measurable breakage occurred during transfer.

A scparate test was performed to determine if high-frequency vibrations would also
start microsphere flow through the transfer line. An ultrasonic vibrating table was
attached to the base of the transfer apparatus and turned on. The vibration caused the
microspheres to setile slightly but did not start the microspheres flowing through the

downward slanted transfer “ube.
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4.3 MICROSPHERE INSULATION PROPERTIES

Microsphere insulation propertics which have been obtained on Lockheed technology
programs as well as on this contract are summarized here as a convenience for use

in engincering

Physical properties arc shown in Fig. 4-59; evacuation characteristics are given in

TFig. 4-60.

Thermal performance of microspherces as a function of compressive load, gas pressure

and boundary temperaturc and emittance is characterized by the following model. This

performance calculations.

model is developed in Section 6.6.1.

SPHERES (B12 AX, 3M CO,)

BEFORE PROCESSING

AFTER PROCESSING

e SPHERE MATERIAL: BOROSILISATE GLASS SAME
e INTERNAL PRESSURE: 2,8 x 10 Pa .013 Pa
e INTERNAL GASES: 507 99.97% AIR 0,03 % -
e BULK DENSITY: 0.072 g/CC (4,5 PCF) 0.069 ¢/CC (4.3 PCF)
o MAXIMUM TEMPERATURE: 482°C (900°F) SAME
PHOTOGRAPHIC ENLARGEMENT T (°R)
0 200 400 600
I

0.050 1 L p

0,051~ soROSILICATE
GLASS

0.000 /

o
=)
%
THERMAL EXPANSION (%)

-0,025}-
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0.570 t um -0.075 it | !
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—~ 30 > Y
;df' & I
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5 0
2 20 T_
2 i 5 40 BEFORE
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20
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1 1 1 1 0 A S U G B |

0
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Iig. 4-59 Microsphere Insulation Physical Properties
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k t k tk
sc gc r
SOLID CONDUCTION k _ = (1.07 x 10°%) (pet)" > [3.13 x 107 T, (140) = 2.61 x 1070 12 (1=/1-0)
5.8 (1 -mlz 1 f.Sl K
GAS CONDUCTION kgc = kg - k K In o 1 -3 + 1
1 -4 ] - g
k k
ar gr
n2 3 2
RADIATION k = ] 7 o £T7 (1+8) (1467
f 0,758~ + 1
ney  Nec
where
. 2
A = area of jacket (m")
dgr = microsphere diameter (m)
F = deflection force/spring assembly (N)
H = integroted microsphere self-weight, 1.87h -,00525 h2 + 6,37 x 10-6 ha, Pa (h < 120 em)
h - maximum vertical height of jacket {cm)
k thermal conductivity (W/m°K)
k
k —L . (w/m°K)
Q 1+ 2\ L
a
kao gos thermal conductivity at standard conditions (W/'moK)
prl ] . 2m2§1_]‘v
S 3t 2 SR N
qu ks o =) (W,/m°K)
{2+ 1)
ko - gas thermal conductivity inside the sphere (W/m°K)
lzs : thermal conductivity of qlass M /m~K)
y = 1 -k /k . P 4 trtryea
" o’ s REPRODUCIBILITY OF Tili
{ insulation thickness (m) ORIGINAL PAGE IS POOR
L mean free part (m)
m void fraction
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Section 5
SUBSCALE TEST ARTICLE FABRICATION

Procedures were developed for forming, joining, leak checking, and repairing the
vacuum jacket as described in Section 4. In addition, methods for fabricating and
installing the spring/Kevlar assemblies and processing the microspheres are also
described in Section 4. Consequently, details of these procedures will not be re-
peated here. This section provides the assembly sequence of the total test article
plus any significant details on fabrication and assembly that were not covered in

Section 4.

The overall assembly sequence of the test article is shown in Fig. 5-1. The following

steps refer back to this figure.

Stretch forming of the 0.08 mm (0.003 in.) 321 stainless steel jacket (Step J1) is
followed by hydropress forming of 18 gore panels and 2 polar cap panels (Step J2)
plus spares. The panels are trimmed and welded together including spun-form polar

cap closeouts and the final closure flanges (Step J3).

Leak check of the jacket consists of helium pressurization to 249 N,/m2 (0,036 psi)
and sniffing with a mass spectrometer leak detector. A water seal is used at the
jacket equator.

Solder coats are applied to the jacket using Kapton tape masks and Eutector 157
flux and solder to both the spring assembly areas and final closure joint flanges,
Overlap areas of the final closure joint are pretinned prior to the solder coat. A
doubler for strut access box attachment is held on the inside of the jacket with
brass screws and Teflon nuts, The doubler and screws are soldered to the jacket
after which the Teflon nuts are removed. Use of the 157 flux caused microscopic

corrosion pits to form in the jacket, even after thorough rinsing with bicarbonate
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of soda solution and water. Upon discovering these pits, usc of the flux was dis-
continued and pretinning plus use of a neutral rosin flux was substituted for any solder

repairs required.

Joint areas are masked off prior to epoxy and gold coating on the inside surface to
prevent entrapment of air; solder coats and scremns are also masked off. An arca
of 0.32 m2 (3.4 ft2) is masked (approximately 7 percent of the jacket surface area
is not gold coated).

Concurrently with jacket fabrication, work proceeded on the tank. The tank support
tangs are reinforced, the plumbing penetration at the tank bottom is welded shut,

and platinum resistance thermometers are epoxy bonded to the inside of the tank wall.

The tank-exterior is epoxy coated followed by a gold coating (Step A) in a fixture
that allows 360 deg rotation. Approximately 0.12 m (1.29 ftz) of the tank is masked
for the spring assemblies and access cover holts, The area not gold coated amounts

to 2.8 percent of the tank surface.

The spring/Kevlar assemblies are fabricated and epoxy bonded to the tank (Step B).

Rubber strips hold the assemblies on the tank while the cpoxy cures overnight.

Kevlar strands are inserted through eyelets in the lower surface of the upper end

plate of each spring assembly (as shown in P2), The Kevlar strand starts at the

top polar cap (bonded to a screw in a special circular installation fixture), runs down the
tank through eyelets on one side of a row of spring assemblies, reverses direction

180 deg at a special installation eyelet fixturc at the lower pole, and is threaded
through the cyelets on the other side of the same spring assemblics going back up

the same side of the tank. The other end of the Kevlar strand is also bonded to a
separate screw in the top installation fixture, next to the first serew. This procedure
is repeated for each row of spring assemblics. To compress the spring assemblics,
the two adjacent screws arc rotated, shortening the length of the Kevlar strands.

This process is continued until the spring bottoms out, providing a stable configuration

that allows the spring assemblies to be straightened by hand.
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The upper plumbing assembly is fabricated, welded and brazed together, leak
checked at appropriate times in the fabrication procedure, and instrumented with
carbon resistor liquid-level sensors, chromel constantan thermocouples, and

platinum resistance thermometers (Step P1).

A perforated tube is installed inside tr e tank and the tank is filled with approximately
41 kg (90 1b) of coarse aluminum wool. The upper plumbing assembly {ill tube is
slipped inside the perforated tube and the Conoseal access cover is bolted onto the

tank with a torque of 17 m-N (150 in.-lbf) . The tank is moved to the vacuum chamber

for a cold leak check, the chamber pressure is lowered to 2.3 X 10-5 torr, and
the tank is partially filled with LN2 until the tank assembly is essentially at LN2
temperature. The tank is then pressurc drained with helium and the pumping port
on the vacuum chamber is monitored for helium with a helium mass spectrometer

leak detector,.

No leaks were detected over an hour's time so the test was terminated. The tank
is allowed to warm up to ambient temperature, at which time the chamber is
back-filled with air.

The tank is removed from the pallet, the struts are removed, ani the tank is rested
on a foam pad; the upper vacuum jacket is installed. The tank is picked up with an
overhead crane and a chain is attached to four clips bolted to the access cover. The
lower vacuum jacket is installed and the final closure flanges are held together by
spring clamps (Step C). The overlap joints are soldered followed by tack-welding
and soldering of the flanges per the methods described in Section 4. The jacket is
pressurized to 149 N/m2 (0.022 psi) with helium and then leak checked. Leaks in
the flanges are repaired using copper strips soldered with 50/50 Ph/Sn solder over
the top of the flanges. Leaks at the flange/overlap interface are soldered using

copper foil repair patches and 50/50 Pb/Sn solder. Leaks at the overlap joints

are repaired using 50/50 Pb/Sn solder fillets and, in one case, a copper foil soldered

patch. The lower melting 50/50 Pb/Sn solder is used to prevent breaking the 95/5
Sn/Ag solder joint already made.
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The alignment of the jacket on the tank is checked hefore the compressed spring assemblics
arc released in incremental steps. Wedges 1 and 2 appeared to be overexpanded follow-
ing the spring release. The jacket is locally pulled out at each spring location with tape
to allow the spring to seat properly. A preheated soldering tool is then pressed against
the jacket for approximately 15 s at each spring location to flow the solder on the pre-~
coated surfaces. The tool is removed and the jacket surface is cooled for approximately
30 s with an air gun. The attachment of the jacket to the spring assembly is checked

by pulling on the jacket surface using a calibrated extension spring scale attached to

the jacket with tape. All of the springs attached properly at the panels with stiffeners.
However, 22 of the panels did not attach at the panels with the welded joints. Waviness
of the jacket at ihe joint prevented good mating of the soldered surfaces. Overall, 86
percent of the spring assemblies attached properly, ensuring good structural support

of the jacket. The Kevlar strands that previously held the springs compressed are

then pulled out through the top of the jacket and the Teflon spacing blocks removed.

Measurements of the jacket diameter were made at different spring assembly locations
to allow calculation of the standoff distance from the tank. At the equator, measure-
ments showed the spring assemblies '"bottomed out." This compression will cause

the equator springs to thermally short out.

Therefore, rectangular pieces of load bearing rigidized silica fiber (LI 900) were
inserted between the jacket and the tank next to the equator spring assemblies to

provide the proper spacing and allow the equatur springs to expand.

The blocks are held in place by a brass screw inserted through the jacket and piercing

the insulation block. The screw is soldered to the jacket,

In future designs, setting wedge dimensions so the jacket expands uniformly with

pressure would solve this problem at the equator.

Sleeve end fittings ave spun form for the six available fiberglass struts and welded

to machined rod end adaptors (Step S). On three of the struts, a thermocouple

w1
1
<
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fecdthrough tube is welded in the adapter flange area,. A "bicycle spoke! type spacer

is fabricated and assembled to the strut with Kevlar filaments as the "spokes."

This low heat leak spacer keeps the strut centered in the jacket sleeve at the cold end.

Rod-end adapters are also machined for the cold end of the struts. The adapters and
rod ends are screwed into the struts; chromel constantan thermocouples arc honded
along the length of three of the struts. The wires are stripped of their insulation
and covered with epoxy where they pass into the feedthrough tube. After the epoxy
cures, the leads are epoxy potted into the feedthrough tube.

The vacuum jacket strut access cylinder flanges are spun form, the two sleeves
brazed to the box, and the joints leak-checked. Holes for the brass screws are
drilled in the flange-to-jacket joint using a master template. The inside of the
cylinder, the jacket flange and 10 cm (4 in.) inside the sleeves are electrolytically
gold coated. The jacket flange on the strut cylinder is then solder coated. '

In Step D, the strut access assemblies are bolted to the jacket using brass screws
(already soldered to the jacket) plus brass nuts. The flange plus screws and nuts are
soldered using rosin flux and the joint leak checked by pressurizing the jacket. The
struts are then installed in the sleeves and the rod ends bolted to the tank. A doubler
is installed inside the warm sleeve end fitting of the strut and the fitting is welded
shut. The joints are leak checked by bagging the cnd of the sleeve with helium and
pulling a partial vacuum inside the sleeve connccted to a sniffer on the leak detector.

The lower plumbing assembly (Step P3), which has been brazed together and leak
checked, is bolted to the pallet along with the six struts. The overhead crane is
disconnected from the access cover. Access cylinder number one was touching the
tank along the left edge of the box. This condition is caused by an improper angle
on the box flange which forced the jacket into the tank. The condition was corrected
| by bonding a Kevlar strand to the box and ticing the strand to the fiberglass leg,

pulling the hox flange away from the tank.

=3
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The test article is vacuum~haked out prior to {illing the vacuum annulus with micro-
spheres to remove the rosin flux used in jacket repairs. The test tank with the installed
vacuum jacket (mounted to a pallet with six fiberglass struts) is installed in a vacuum
chamber. An aluminum hox enclosure with hlack interior surfaces is installed around
the test article. Electrical heaters, mounted to the outside of the five walls plus the
pallet, are connected to Variac voltage controllers. The pallet is insulated from the
supporting chamber I-heams using four nylong pads. The chamber is pumped down to
.013 Pa pressure and the heaters turned on. Hot nitrogen gas is also passed through
the tank interior to bring the tank up to temperature. The chamber pressure rose to

a maximum of .12 Pa while the test article was brought up to 77°C (170°F) over a

: period of a day. The test article was held at this temperature for 3 days, at which
time the chamber pressure had nearly leveled out at .007 Pa. The heaters were turncd
off and after one day the chamber was back-filled with dry nitrogen. The chamber
pressure had dropped to .002 Pa prior to the gas back fill.

The jacket openings plus the plumbing connections are closed off after the test article
is removed from the chamber. The microsphere transfer container is raised to a
vertical position and the microspheres fluidized using dry nitrogen gas. The six

strut sleeves and lower third of the vacuum jacket are filled with microspheres

’ through the strut cover openings using the fluidizing transfer technique described

} in section 4.2.4. The three strut covers are welded in place. The remainder of

{ the vacuum jacket is then nearly filled with microspheres through the doughnut opening
| in the top of the jacket. The tank is tipped to different angles and the pallet is vibrated
at low frequencies to aid in settling the microspheres. The doughnut shaped enclosure
is welded into the top of the vacuum jacket and the insulation is topped off with micro-~
spheres through the fill port with the tank at different angles. The microspheres

are hand poured and tamped with a rod the size of the fill tube to complete the fill.

A fabric covered screen is installed using a snap ring followed by an O-ring sealed
| cap. The microsphere fill went smoothly; the fluidizing technique worked well in

‘ transferring the microspheres,
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It was noted after the fill that the jacket hent inward around one of the strut covers
and one wedge was damaged, apparently due to a clamping procedurc used during the
welding of the strut cover. X-rays shcwed the jacket does not thermally short out '
against the tank. The damaged wedgce still flexcs sufficiently to allow for adequate

jacket movement. It is of interest to note x rays arc not sensitive cnough to detect

the position of the microsphere insulation in the jacket.

The jacket was evacuated slnwly over a period of about 0.5 hr, and the wedges were

examined for damage. No wedge damage was noted.

Leak-checking of the jacket uncovered one leak at a brazed plumbing fitting and
multiple pin hole leaks on the solder final closure joint flanges where they had been
tack-welded together. One leak was found in a jacket weld repair area and at a '
welded closeout at the warm end of one strut. The solder and braze joint leaks
were repaired by applying Epibond 123/96510 epoxy adhesive over the pinholes with
a l-atmosphere pressure differential across the jacket (to push the adhesive into the
hole). The weld leaks were repaired with Crest 7450, A and B, polyurethane ad-
hesive. Following the fourth pumpdown of the jacket while leak-checking was in
progress, partial buckling of some of the wedges surrounding the strut cylinders
was noted. This buckling apparently occurred due to the flow of microspheres from
} the jacket bulk.(where the microspheres are loaded in compression) into the rigid
| strut covers (where the microspheres could still shift if a void is present). Conse-
quently, the jacket was forced slightly inward around the struts. The bottom cone '
also buckled inward. The buckles were pulled out using tape. The leak checking
was stopped and additional microspheres were added to these areas to prevent any

further wedge damage. The damaged wedges do not leak and still expand properly.

‘ The external surfacc of the vacuum jacket was instrumented with chromel-constantan

: thermocouples. The thermocouples are bonded to the jacket with a conducting epoxy
adhesive (silver filled). Connectors (to mate with leads from the vacuum chamber
feedthroughs) are attached to the thermocouple leads. Instrumentation leads from

the inside of the tank werc epoxy potted in an exit tube. A helium mass spectrometer

<
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leak check found the jacket to be leak tight, Measurcments were made on the width w
of all 165 wedges with the jacket evacuated. The weight and thickness of the installed
insulation system is shown in Table 5-1.

The following conclusions and recommendations resulted from the work in this Task:

® The resistance seam-welding technique is a highly reliable and reproduc- ‘
ible joining technique for obtaining vacuum tight joints as demonstrated by only
one leak in 23.2 m (76 ft) of welds on the test article vacuum jacket.

® The 0.08 mm (0.003 in.) thick stainless-steel vacuum jacket has no pinhole
leaks in the raw stock nor has developed any subsequent leaks due to the
stretch and hydropress forming operations.

® The soldered final closure joint was difficult to join and repair. Leak
tests at 149 Pa (0.6 in. of HZO) pressure differential, which showed
the jacket to be leak tight initially, were not sensitive enough. At 105 Pa
(1 atmosphere) pressure differential, numerous leaks were detected.
The final closure joint design should be changed in future programs to an !
overlép welded joint of the same type used for joining the gore panels.

® The doubler at the warm strut end closeout should be resistance welded
to the flange and the strut sleeve normal to the the material thickness. This
procedure increases the weld width minimizing the chance of leakage.

e Pumpdown to 1.3 Pa took approximately 6 hr from 1-atmosphere
pressure., Lower pressures were obtained in the test program by cryo-
pumping action of the tank during LN, fill. To obtain imore rapid pumpdown
below 1.3 Pa, higher flow conductance filter screens and larger flow
areas should be uscd.

® The wedges should be designed using the equations from section 4.1.8

- - A —_—

so the hemisphere expands uniformly on the radius with increasing pressure.
Overexpansion of the wedges at the equator would not occur during assembly
(as occurred with the test article).

® The rigid cover welded on the strut cylinders plus the cone at the lower pole

should be replaced in future designs with a thin convoluted metal diaphragm. B
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Table 5-1

WwEIGHT AND THICKNESS OF TEST ARTICLE INSULATION SYSTEM

Vacuum Jacket

Top Hemisp_t_\ere kg

e Screew Filters 0.086

e Vacuu® Po 0.293

e Pressure Port 0.031

9 Fill Port 0.070

L4 Rigid Dome rea 0.477

e Jacket With All Joints 1.334

o Epoxy/Go Gold 0.045
subtotal 2.34

wl;ﬂfﬂ‘}—sw

e Screen Filters 0.011

. P)umbmg Connection 0.014

e Cone 0.327

e Jackel -vith ALl Jownts 1.35

e EpPoXY Gold 0.045
Subtotal 1.75

Assembhes Enclosi® struts

° L thnder 4 2 Sleeves
{3 eac h) 3.88

e Cylinder cover 3 each) 0.249
e Screws, Nuts
L4 wpicycle Spo
e Warm En d Closeout

() each) 0.068
subtotal 1.29
Tank Related parts
. Ep()\'v/("xo 0.091
L Sprm,, Asst emblies *
EpoxNy {165 5 each) 0.613
Subtotal 0.73
Mic rosmcrcs 5.53
Total 14.64

Mcosul'ed sulotion
Thickness with Jocket
¢vacuated, < {in.

N 1.55 (0.6
/ 1.47 (0.59

1.45 0.5

8.5
0.541
0.084%
0.130
Averoge Thickness in cm Line D)
0.151 ot the Cente? of Eoch wpanel”’-
e Arec weig \\ted overoge
9.46 56 1,334 ¢™ 0.525 -
weight /Ared for Scaling }:g/mZ 1b/(tl
0.20
Jacket with Wedges and Joints 0.620 0. 127
1.418 po‘(y/ Gold Coating 0.010 0.002
1,62 Coarse Filter Screen 1.95 0.10
. Fine Filter* Screen 0.44 0.09
{2.19 s
Ao Spring mblies With Epoxy, Long Eac 96 g(O 009 1b)
1228 Spring ASS mblies With EpOXY, ¥ Short, EA ch?. 005 Ib)



When the insulation is evacuated, the diaphragm would move inward
compressing the microspheres in the cylinder or cone, preventing the
microsphere migration noted previously. Separate fill ports on each of
the strut cylinders is also recommended to visually verify the microsphere
fill level.

Pretinning of the jacket is required for solder attachment of the spring
assemblies.

The fluidizing technique is a rapid, efficient method for filling the jacket

with microspheres.
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Section 6
ENVIRONMENTAL AND OPERATIONAL TESTS

A series of tests were performed on the insulated, vacuum-jacketed tank to character-
ize its thermal performance as a function of boundary temperatures, compressive load,
insulation gas pressure, and simulated Spacc Tug flight cycles. From these data, pre-
dictions can be made on the system's thermal performance when used on a Space Tug
during ground hold and ascent, and in space. The required vacuum level for optimum
performance plus the effect of a gas leak were determined by varying the insulation

gas pressure. Jacket vacuum levels, jacket vacuum integrity, plus microsphere pack-
ing and shifting, if any, of the microspheres were also determined during the tests.
Nineteen simulated flight cycles were planned for the program, but the testing wus
stopped after 13 cycles because of jacket damage caused by operator error during a

leak repair.

This section provides a description of the test article, instrumentation, and setup; the

test procedures used; plus the test results and discussion of results.
6.1 TEST ARTICLE

The article tested is described in Section 5; Fig. 6-1 shows it mounted on the vacuum
chamber door. Concentric fill and vent lines, thermally guarded with a wrap-around

LN2 heat-exhanger tube, enter the tank through a top-mounted access cover. The insula-
tion pumpout port is routed through the chamhber door and back into the chamber with
appropriate valves so the insulation can be cither evacuated hy the chamber, evacuated

with a separate pumping station, or back-filled with gas, depending on the test sequence.

The aluminum pallet is insulated thermally from the chamber I-beam supports on four

nylon pads. The test article is enclosed within an aluminum bhox shown in Fig. 6-2.

6-1
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Four clectrical heaters are located on each of the six sides. Warm houndary tempera-
turces arc controlled using thesc thermostatically controlled heaters: for the lower
warm boundary temperature tests, the chamber LN? cold wall is used in conjunction

with the heaters.

Thermostatically controlled heaters are also epoxy-bonded to the tank instrumentation
fecdthrough and the O-ring sealed insulation pumpout port. These heaters maintain
these areas near ambient temperature, preventing thermal cycling and possible gas

leakage.
6.2 INSTRUMENTATION

A summary of the instrumentation and data acquisition equipment used in the tests is

presented in Table 6-1.

The primary instrumentation for the test tank is designed to measure temperaturc levels
throughout the test article assembly, insulation pressure, and heat rate to the cryogen

for accurate assessment of system thermal performance. Supporting instrumentation

is also provided for measuring environmental simulation conditions and jacket mechani-

cal motion.

6.2.1 Temperature

Test article thermometry is composed of platinum resistance thermometers (PRT) and
thermocouples for absolute temperature measurements and differential thermocouples
for gradient mecasurements. Carbon resistance thermometers are employed for cryogen

level measurements. Locations of this instrumentation are shown in Fig. 6-3.

All thermocouples are 0.008 ecm (0.003 in.) diamecter chromel-constantan with Teflon
insulation. This thermocouple was selected because of its high sensitivity and low
thermal conductivity of both elements, this being of particular importance for thermal
tempering of the junctions at the low temperatures. TFor differential thermocouples,
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Table 6~1

INSTRUMENTATION AND DATA ACQUISITION EQUIPMENT

. . o Mcasurement -
Function Instrumentation Range Accuracy
Pressure, Texas Instruments, Inc., 0—1.8 x 105 Pa 3.5 Pa
Tank Ullage and Model 140 Fused Quartz
Barometric Bourdon Tube Precision
Pressurc Gage
-
Pressure, Wallace & Tiernan, 0-1.4 % 10° Pa 90 Pa
Vent Gas-Variable Series 1500
Area Meter
-
Pressure, Wallace & Tiernan, 0-1.1 x 10° pa 170 Pa
Vacuum Chamber FA 145
Pressure, NRC Series 810 0— 133 Pa -
Vacuum Chamber Thermocouple Gage
-8
Pressure, Varian Model 841 5 %10 " to 17 +
Vacuum Chamber Autoranging Ionization 13 Pa 1 digit
Gage
Pressure, Varian Ionization Gage 1.3 x 1072 to -
Insulation Annulus .6 Pa
Pressure, Varian Model ~ Ton Pump 1x 10:9) to 2 on
Insulation Annulus 1> 10 “ pa Decade Range
Pressure, Thermocouple Gage, .7 to -
Insulation Annulus Veeco DVIM 133 Pa
Pressure, Alphatron Model 520 1052 to -
Insulation Annulus Pressure Transducer 10° pa
Space-Hold Precision Scientific — 0-1.68 mS/hr +1 /2
Boiloff Wet Test Meter (59 t3/hr)
Ground-Hold Fisher & Porter No. 0-25 m3/hr %
Boiloff 1017354 Variable Area (883 ft3/hr) Full-Scale
Flow Meter
Tank Rosemount Engineering 78=300°K 0.1°K
Temperature 118G Platinum Resistance (140—-540°R) (0.2°R)
Thermometer, Calibrated
Temperature Thermocouple of Chromel- 78-333°K 0.5°K
Constantan, Calibrated (140-600°R) (0.9°R)
Vacuum Jacket Brown and Sharp 0-2.5 cm 0.0025 cm
Wedge Micrometer (1in.) (0.001 in.)
Movement
Data Honeywell Data Processor 0-0.01 Vdec 0.057 Range
Acquisition 0-750 Vdc or 5 uv
Data Leeds Northrup Speedmax 0=100 MW dc, 0.3% Range
Acquisition W, A2AR 10 — in strip 5 ranges

chart recorders
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the chromel elements are brought to the refercnce junction to minimize errors at the f
juncturc with the copper lead wires to the data acquisition system., Thermocouple
junctions are attached to the surfaces with a silver-filled epoxy adhesive, * and the
leads are taped parallel to the surface for 3 em (1.2 in.) using Kapton tape. Diffcren-
tial thermocouple junctions are attached with an electrical insulating cpoxy**, and the

leads secured to the surface at 5-cm (2-in.) intervals with the same adhesive.

Seven Rosemount Engineering Company Model 118G 100-ohm platinum resistance -
thermometers are used for tank wall and plumbing-line temperature measurements.
Each PRT is calibrated at fixed points to yield an accuracy of 0.1°K (0.2°R) in abso-~
lute temperature measurement between 78 and 300°K (140 to 540°R). These devices
are used as four-wire thermometers at a constant current of 3-mA dec. Each ther-
mometer is bonded to the surface with epoxy adhesive, and the 0.013-cm (0.005-in.)
copper current and potential leads are attached to the surface for a distance of 4 cm
(1.6 in.) from the thermometer. A precision current shunt is in series with each
thermometer current leg for measurement of individual thermometer currents. Power

dissipation in the seven thermometers was a maximum of 0.6 mW total.

Five carbon resistors are located along the {ill tube [ spaced approximatcly 1 em (4 in.)
' from the tube] to serve as liquidglevel sensors. These resistors arc connccted in
f series, and potential leads acrosé each resistor provide a voltage signal that is pro~
portional to the resistor temperature. For the self-heating valuc of these resistors,
the difference in heat transfer coefficient between a liquid and a gaseous cryogen en-
vironment results in a voltage change adequate for level sensing. The level sensor ‘
: has a maximum heat input to the cryogen of 50 mW (0.17 Btu/hr) and, as this input is f
; known to within 2 mW (0.007 Btu/hr), uncertainty in system performance introduced hy ‘
‘ this device is negligible. ‘

All instrumentation leads within the eryogen volume exit the tank through an epoxicd

feedthrough with thermal grounding at the LNy guard coil on the vent-fill entrance

*No. 3021 E solder, Acme Chemicals and Insulation Co. i
**Lpibond 123, Furane Plastics, Inc. ‘
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fitting to the tank. The calculated maximum lead wire heat leak into the tank is 15 mw
(0.05 Btu/hr) for continuous operation of the LNg guard. The strut sensor instrumen-
tation leads are bonded around the circumference of the strut at cach measuring loca-

tion for thermal tempering.
6.2.2 Pressure

The pressure measurement instrumentation is for

e Tank ullage and barometric pressure monitoring
e Insulation pressure

e Environmental simulation chamber pressure

Initially, tank ullage pressure was to have been controlled to 3 Pa using a differential
pressure transducer, set point pressure control unit, servo-valve, and an
electronic/signal-conditioning unit together with a constant pressure reference.
However, the system did not control pressure as designed. After repeated unsuc-
cessful tries to correct the problem, tank pressure control was eliminated. Varia-
tions in tank pressure are calculated to affect the boiloff measurement accuracy less
than 6.7 percent for the space-hold tests and progressively less for the other tests

with higher heat rates (based on measured variations in tank pressure).

Measurement of tank ullage and barometric absolute pressure is made with a quartz

bourdon tube gage (Texas Instruments 140A with No. 2 tube). This device has an

accuracy of 3.5 Pa at tank operating pressure. In operation, the gage is manually

nulled for reading of absolute value, and deviation from the prior reading is recorded i
by monitoring meter deflection. 4

Insulation pressure is measured by two thermocouple gages, two ion gages, onc ion .
pump, and one alphatron gage as shown in Fig. 6-4. Thesc gages allow pressure
2 to 10—5 Pa at hoth the bottom and top of the vacuum jacket.

A pump current versus pressure calibration curve is used to measure pressure with

measurements from 10

the ion pump.
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Envirenmental chamber pressure is measured by bourdon tube, thermocouple, and
ionization gages calibrated for the appropriate pressure ranges. Cryogen fill, vent
line, and environmental shroud fluid pressures are measured using standard labora-

tory bourdon tube gages.
6.2.3 Tank Boiloff

The test-article cryogen boiloff instrumentation is shown in Fig. 6-5. During filling
and ground-hold thermal performance evaluations, the cryogen volumetric boiloff is
measured with a variable area flowmeter which accommodates the relatively high-
volume flow rates associated with this operation. Visual recording of flow rate is
carried out during these relatively short duration operations. Boiloff during space
thermal performance testing is measured with a calibrated wet test meter. The wet
test meter, with automatic recording of each full revolution, is used as the total
boiloff measurement for heat-flux computations. Gas temperature and pressure up-
stream from each flow-mecasuring device is measured with thermocouples and bourdon
tube pressure gages, respectively, after the gas has passed through a temperature-

regulated water bath.
6.2.4 Jackect Deflections

Based on experience obtained with the vacuum-jacket expansion measurements made in
Task II, relative vacuum-jacket movement is monitored by bonding small reference

screws on each side of all wedges of the vacuum jacket. The amount the jacket moves
locally is determined by the amount each wedge opens or closes as measured by a dial
gage micrometer. The spring/Kevlar attachments keep the jacket spacing constant off
the tank wall at the attach points so relative movement of the jacket with respect to the

tank can only occur in the wedges.

All wedge dimensions are measured with the insulation evacuated prior to start of the
tests. During the test series, selected wedges on opposite sides of the jacket are

measured with the insulation evacuated.
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6.3 TEST SETUP

The vacuum-jacketed microsphere insulated tank was tested in a space environmental '
simulation chamber. The chamber, 2.45 m (8.04 ft) diamecter by 4.57 m (15 ft) long.

is of the horizontal cylinder configuration having removable end domes from which ex-

perimental packages are mounted. This mounting arrangement provides for casy ac-

cess and complete checkout of the test article and instrumentation prior to movement

into the vacuum chamber.

The chamber is equipped with an LNy cold shroud. Chamber pumping is accomplished

with roughing and turbine pumps. Ultimate chamber pressure with the test article

installed is in the mid 10_4 Pa range. Chamber operation is through automatically

controlled sequencing of functions, and the system is provided with safety controls in '

the event of pump or shroud failures.

Boiloff instrumentation and pressure readout equipment are shown in Fig. 6-6. Test
article and chamber operation data are collected on strip-chart recorders and the Data
Processor Term nal shown in Fig. 6-7. The Terminal inputs are scanned, measured
by a digital voltmeter, and outputted as printed format and punched paper tape. The
scanner is activated at preselected intervals by a crystal digital display clock. The
system accuracy is 0.05 percent full scale, which corresponds to 5 uV for thermometry
signals. Recorded data are computer-processed for temperature from thermocouple
and resistance thermemeter voltages. i

6.4 TEST PROCEDURE

L The test program was designed to investigate the effect of the following variables on

insulation system thermal performance:

e Warm boundary temperature for both ground-hold and space-hold conditions
o The cffect of compressive load on the jacket from 0 to 1 atm

e The cffect of GN2 pressure in the insulation from .013 to 4 Pa pressurce
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e The effect of simulated flight eycles on thermal performance (Each cyele
simulates a Space Tug flight of propellant loading on the ground, propellant
drain in orbit, atmospheric recntry, and tank warmup to ambicnt conditions

on the ground.)
The cold boundary for all tests is 78°K (140°R).
6.4.1 Ground-Hold Thermal Performance

This test sequence is started with the chamber at 9 X 104 Pa pressurc of G:N2 and
ambient temperature and the insulation pressure 1.3 Pa or lower of 99.99-percent
COz. (For safety reasons, the chamber door cannot be bolted on; thercfore, in

order to maintain a good seal, less than 1-atm chamber pressure is required.) The
tank is cooled down to LN2 temperature with cold nitrogen gas. Liquid nitrogen fill

is then started and maintained until a steady liquid level is achieved. Cryopumping
reduces insulation pressure to < .013 Pa. The fill line is shut off, and cryogen
boiloff recorded at 5-min intervals until equilbrium conditions have been achieved for
60 min, as indicated by boiloff constant within 1 percent, and jacket and tank tempera-
tures constant to within 1°K (2°R). The jacket is maintained at 270 + 5°K (486 = 9 °R)
for the first test and 290 + 5°K (522 + 9°R) for the second test.

6.4.2 Space-Hold Thermal Performance

At the conclusion of ground-hold testing, the chamber pressure is reduced helow
.0013 Pa with the test tank still filled with LN2. Boiloff, chamber, jacket, and

tank pressures, and tank and jacket temperatures are monitored until cquilibrium
conditions arec achieved for 8 hr [1-percent stability of boiloff and 1°K (2°R) of tem-
peratures] . The initial test condition is for a jacket temperature of 310 + 5° K

(558 + 9°R). After completion of this test phase. the liquid level is brought to the
full conditicn. and testing is repeated at jacket temperatures of 280 + 5°K (504 + 9°R)
and 250 2 5°K (450 + 9°R). At the conclusion of thesc tests, the LN, is emptied
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. 4 .
from the tank, and the chamber is brought to 9 % 10~ Pa GNZ pressurce and ambicnd
temperature. The cryogen space is vented until the article is uniformly at ambient

temperature.
6.4.3 Thermal Performance as a Function of Jacket Compressive Load

To date, the only compressive-load-effects data for uncoated microspheres have been
derived from flat -plate calorimeter tests using a flexible diaphragm-type of insula-
tion container. At loads below 1000 Pa, accuracy has bcen compromised by uncer-
tainties in the effective load area of the insulation containment device used for the
flat-plate calorimeter. As the test article vacuum jacket is designed to exert pres-
sures of less than 100 Pa, it is essential to further study these loading effects in

the design operating region on the actual test article. These data also serve to verify
the theroretical model in the region where self-load and externally applied compressive
load effects are of comparable magnitutde.

With the vacuum chamber at 9 X 104 Pa pressure and the insulation annulus at a pres-
sure of 1.3 Pa of 002 or less, the tank is loaded with LN2. The chamber is pumped
down to less than .0013 Pa pressure, and cquilibrium boiloff rates arc determined for

a vacuum jacket temperature of 275 + 5°K (495 + 9°R).

These initial data provide a baseline value for cvaluating changes in heat transfer with
increasing compressive pressure. Vacuum chamher pressure is changed successively
to 10, 100, 1000, 10,000, and 9 X 104 Pa using GN2, and cquilibrium boiloff rates arc
measured for each chamber pressure with a jacket temperature of 275 + 5°K (405 = 9°R).
The final test is with the vacuum chamber at .0013 Pa or less to evaluate recovery

[rom loading.
6.4.4 Thermal Performance as a Function of Insulation Pressure

The objective of this test sequence is to determine the heat transfer by conduction

through an insulation interstitial gas phase. These results will (1) verify the predicted
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insulation annulus vacuum requirement (.013 Pa) for operational conditions and

(2) demonstrate system thermal performance for conditions of atmospheric leakage
into the insulation space. Gaseous N2 is sclected to he representative of the pre-
dominant species that would be present becausc of air leakage. The experimental re-
sults from this investigation are used to corrclate the theroetical model for gas-

phase conduction for system performance analysis over the total operational tempera-

ture range.

With the test article mounted in the vacuum chamber at 9 x 104 Pa pressure, and the

insulation annulus at a pressure of 1.3 Pa of 002 or less, the tank is loaded with LN,.

The chamber is pumped down to less than .0013 Pa, and equilibrium boiloff rates
are determined for a vacuum jacket temperature of 265 + 5°K (477 + 9°R). The
insulation pressure is then increased to .13, .53, 1.07, 2.7, and 4 Pa with GNZ'
Equilibrium boiloff rates are obtained at each pressure level.

The pressures are chosen to define the onset of gaseous conduction and shape of the
curve characteristic for a Knudsen number greater than 10 —i.e., free molecular
regime. This pressure range defines the characteristic void dimension and effective

accommodation coefficient necessary for correlation with the gas conduction model.
| 6.4.5 Thermal Performance Following Simulated Flight Cycles
To determine the effect of thermal/pressure flight cycles on system thermal per-

' formance, one ground-hold and one space-hold hoiloff test are conducted after 3. 7

and 13 flight cycles. After 19 cycles, one ground-hold and two space-hold tests

k]

complete the sequence. Because of the jacket damage that occuried, tests were com-
pleted after 3 and 7 flight cycles only.

t A flight cycle starts with a chamber pressure of 9 x 104 Pa, the insulation at 1.3 Pa
or less of Co2, and the tank at ambient temperature. Following tank LNy fill, the
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headile Adatme of

, 2
| chamber pressure is brought up to 9 X 104 Pa of G 9* The aluminum box shroud

temperature is maintained at 300 # 5°K (540 * 9°R). After 48 br, the tank is hack

chamber is pumped down to less than .013 Pa, the LN, is dumped in | hr, and the i
{

to ambient temperature. This scquence completes one flight cycle. The ground-hold

and space-hold tests are conducted as discussed previously with the shroud temperature

held at 300 = 5°K (540 % 9°R). Before the initial flight cycle, jacket wedge dimensions ‘
are measured and recorded. At the completion of 3, 7, and 13 cycles, the dimension

measurements were repeated before the jacket damage occurred.
6.5 TEST RESULTS

The results of the test article environmental and operational tests are discussed in

five subsections covering the following:

® Test article thermal performance as a function of vacuum jacket temperature,
external compressive loading of the vacuum jacket, insulation interstitial
gas pressure, and resistance to thermal degradation by repeated simulated
. flight cycles
| ® Mechanical strength and packing of the microspheres as a function of the
' number of external compressive load cycles
| ® Dost-test tank and jacket emittance measurements and tank/jacket spacing
measurements around the strut attach points (for use in the thermal model)
e Scparate test of the microsphere self-weight contact force (for use in the thermal
model)
® Evacuation rate of the insulation and vacuum integrity of the jacket

6.5.1 Thermal Performance
A summary of the thermal test results is provided in Table 6-2. The heat rate values

from the table arc plotted as a function of the average jacket temperature for ground-

; hold and space-hold tests in Figs. 6-8 and 6-9. Alsc included on the figures are the
|
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Table 6-2

REPROLUCH
ORIGINAL '/

SUMMARY OTF TEST RESULTS

roarty
[V

)

Chamber Insulation Jacket ’I‘cmpcraturc(n) Heat Rate
Test Pressurc Pressure o 1e o )
Pa Pa K (°R) W (Btu/hr)
Ground Hold 9.13 x 10%* | < .o13 290.6 (523. 1) 312 | (1167)
Ground Hold 9.13 x 10% | 1,07 268.2 (482.7) 269 | (917)
(b) 9.13 x 10% | < .013 268.2 (482.7) 260 | (887)
Space 9 x 1074 < .013 306.5 (551.7) 59.6 | (203.5)
Space 7 x 1074 < .013 279.6 (503.3) 4a.2 | (150.7)
Space 1x 1073 < .013 244,0 (439.3) 29.8 | (101.8)
Comp. Load(® < .0013 < 013 274.0 (193.2) 41.5 | (141.5)
Comp. Load 12.8 < .013 278.9 (502. 1) 42.6 | (145.4)
Comp. Load 102 < .013 277.7 (499.9) 43.8 | (149.6)
Comp. Load 986 < .013 272.9 (491.2) 61.4 | (209.6)
Comp. Load 9.7 x 10° < .013 264.5 (476. 1) 107 | (365)
Comp. Load 9.13 x 104 < .013 277.0 (498.6) 290 (989)
Comp. Load < .0013 < ,013 274.0 (493.2) 41,7 | (142.4)
Gas Pressure < .0013 < .013 268.0 (482, 4) 39.0 | (133)
Gas Pressure 5 x 1074 .13 267.6 (481.7) 45.8 | (156.2)
Gas Pressure 5 x 1074 .65 267.0 (480.6) 16.6 | (159.1)
Gas Pressure 9 x 1074 1.0 268,2 (482.7) 48.1 | (164.3)
Gas Pressure 8 x 1074 2,96 260.1 (468.2 58.8 | (200.5)
Gas Pressure 8 x 1074 4,05 258.4 (465. 1) 63.8 | (217.6)
Ground Hold, 3 cycles | 9,12 x 104 <,013 278.3 (500.9) 295 (10086)
Ground Hold, 7 cycles | 9.08 x 10% | < .013 277.8 (500. 1) 290 | (990
Space, 3 cycles 027 < .013 288.8 (519.9) 49.3 | (168.4)
Space, 7 cycles .032 < .013 287.7 (517.9) 51.9 | (177.2)

(@) Average of 40 jacket temperatures. Te - 78°K (140°R).
(b) Gas conduction subtracted from above test results for comparison with insulation

of less than .013 Pa.

(c) Data interpolated from prior test results (Fig. 6-9) to obtain temperature identical with that
for last data of test series,
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data points for repeat thermal tests following three and seven thermal /pressure
cycles. No thermal performance degradation due to the cycling was obscrved from the
ground-hold results. Space-hold performance was unaffected by three cycles. After
seven cycles, however, an apparent heat rate increase of 7 percent was measured.

As discussed in section 6.6.7, this higher rate is attributable to experimental

uncertainty rather than an environmentally induced degradation of thermal performance.

Measured temperature distributions along the fiberglass tank struts for the space-hold
tests are compared to calculated values in Fig. 6-10. The measured values are used

to compute the heat leak to the tank through the tank supports. These data show

much shorter struts can be used without materially affecting the already low strut~heat-

leak rates.

The effect of insulation interstitial gas pressure on heat rate is plotted in Fig. 6-11.
The deviation of the test point at .13 Pa from the smoothed curve is believed

to be due to inaccuracy in the pressure measurement for this single case. The pressure
was measured at the top of the insulation only for this test as the bottom jacket ion

gage malfunctioned. Also, a very small leak developed in the tank access cover region
allowing nitrogen gas into the insulation. This leak rate was sufficiently slow, so

the insulation could be kept evacuated to less than .Olé Pa by continuous pumping

for the other test series, but, for the gas pressure tests, the insulation space was
isolated from the pumping system. The average insulation pressure is also probably
higher than the .13 Pa measured at the top of the jacket because a low flow conductance

screen, for containment of the microspheres, is placed between the insulation space

and the pressure gage.

For the tests at higher insulation pressures, the effects of the leak and the screen
on the average insulation gas pressure measurement should be negligible. During
the other gas-pressure tests, the measured insulation pressure at the top and bottom

of the jacket stayed constant within a few percent.

The cffect of compressive pressure on the insulation heat rate is plotted in Fig, 6-12,

The no-load heat rate was subtracted from the total heat rate to determine the effect
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of compressive load on thermal performance. Note the change in the slope of the curve
in the region where the compressed spring assemblies start to deflect inward. (The
equivalent spring deflection pressure is determined by dividing the load at which the
springs start to deflect by the jacket area.) The PO' 54 relationship is a fundamental
characteristic of the microsphere insulation, which describes the change in contact
thermal resistance with increasing contact force. The region of the curve correspond-
ing to a slope of 1. 13 applies only to this particular jacket and spring geometry,

The force, and subsequeut contact resistance, is dependent not only upon the sphere
packing geometry, but also upon the manrer in which the load is transferred through

the jacket to the insulation.

6.5.2 Mechanical Stability and Packing of Microsphere Insulation Under Load Cycling

The effect of repeated 1-atm load cycles on microsphere packing was determined by
measuving the contraction of 55 wedges at different locations on the jacket. These
results were then compared with previous test data taken in a flat-plate type of
compression apparatus where the insulation thickness change was measured directly.

Note in Fig. 6-13 the relatively good agreement between the two sets of data and the

.
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Fig. 6-13 Microsphere Packing as a Function of Load Cycles

6-24

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCRNFED LN B SRR N1 a SPALE COMPaNTY O ¢
A SUBS DIARY OF (OCEHEED AiScpAre (ARPNARPALION




e L ad

fact that the packing had nearly reached its equilibrium value after 13 cycles. The
change in packing occurs due to the particles rearranging themselves into a geometry
having a higher solid fraction. The change in packing is not due to spher:z breakage.
Samples of microspheres were taken from 24 locations over the jacket and a broken
particle count was performed. The results are compared with an equal number of
counts from reference samples that were not subjected to repeated compressive
loadings. The results below show no change in the percentage of unbroken spheres

within the accuracy of the counting methods.

% Broken Spheres

Reference Test Article
9.5+ 1.8 10.6 = 2.4

No shifting of the microspheres occurred from one jacket area to another during
the test program as determined by the wedge expansion/corntraction measurements

on different areas of the jacket.

6.5.3 Post-Test Emittance Measurements

Following 13 thermal/pressure cycles, the test article was removed from the chamber

to measure jacket movement (wedge expansion/contraction) and to repair a jacket
leak. A helium leak check of the jacket assembly isolated the leaks to the warm end
of a strut and the soldered final closure joint, The strut leak was repaired but the
final closure joint repair was attempted twice without success. Apparently the low
viscosity Crest adhesive was pulled through the hole before it cured. To reduce

the AP across the jacket, the insulation was to have been backfilled with CO, toa
-104 Pa gage pressure.  Inadvertently, however, the pressure was allowed to risc
above atmospheric pressure, and the jacket overexpanded plastically. The damage
was extensive enough to buckle the wedges as shown in Fig. 6-14 and prevent further

testing of the jacket.
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Fig. 6-14 Damaged Vacuum Jacket Caused by Accidental Overpressurization

Since the jacket was no longer usable, it was remcved from the tark, and extensive
emittance measurements were made on both the jacket and the tark (as shown in

Table 6-3) to provide input data for the thermal model. XNc damage to the gold coating
was observed on the jacket or tank (visually or under 40x magnification) except for
scme solder-flux-induced stains near the soldered final closure joint., However,

the emittance values are higher than were measured on sample coupons made at the
same time the gold coating was originally perlformed. None of the spring assemblies
were damaged; all of them remained bonded to the tank and all Kevlar strands were
intact. Measurcments were made on the minimum clearance gap between the jacket
strut cylinders and the tank surface to provide data for the thermal analysis. Table 6-4
shows the clearance was less than the minimum design value in a number of places,

Whether the jacket overexpansion changed these clearances is not known,
6.5.4 Microsphere Self-Weight Contaet Foree

The "hydrostatic head' of a column of microspheres 0.30 m (12 in.) wide by 1.68 cm
(0. 66 in.) thick was measured as a Junction of height up to 1,17 m (46 in,) as shown
in Fig., 6-135 to provide data in terms of the contact force due to self-weight for the

solid conduction thermal analysis.  The test was repeated using a thickness of 0,98 cm
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REPRODUCIBILITY OF THI
ORIGINAL PAGL IS POOR

Table 6-3

EMITTANCE MEASUREMENTS OF JACKET AND TANK AFTER
13 THERMAL/PRESSURE CYCLES

fteun Aren { No, ol [}
m= (fty Measurements "H
JACKET i
Gold, Upper Hemisphere!” 199 (21, 3% 51 0.041 4 0.017
Gold, Lower Homisphornm 1,99 (21,3 1] 0,035 4+ 0,004
Gold, Stain at Final Closure 0,006 (0, 07y 3 0,203 = o,037()
Gold, Inside Wedges at Stiffeners | 0,22 (2.32) 9 o303 - o, oeul)
weld Joints 0,12 (1.27) 30 0.1ty < 0,005
Solder Areas (RN W) 30 0,149+ nLonT()
S.S. Spring Caps 0.07 (.77 30 0146 2 0.u1at)
Filter Screens 0,08 (0.32) 3 0. ago « o)
Area Averaged = v, 061
TANK
Gold® 1,20 (45, 149 126 0,028 ¢+ 0,003
Al Spring Caps 0,09 (0,94 30 0282 2 n,u:u;(‘ )
Bolts, Barc Arcas'® 0.02 (0,20) - 0.t
Area Averaged - 085

(a) Measurements made with Gier Dunkle DRIov infrared reflectometer. Instrument
calibrated so values approximate totad henaspliereal emittance.

MeH - 0,028 2 0,003 for coupons measured during gold coating procedure,

(©)cH = 0,025 ¢ 0,003 for coupons mensured during old coating procedure.

(d) Estimated, Inaccessible to measurement,

(¢) These values are relatively in: ensitive to temperature changes.

Table 6-4
CLEARANCE BETWEEN STRUT BOXES AND THE TANK

ERORLET 6 PSIPN N o]

Thter
It t
B .
!
Steat . ‘ Yo ;
. - 1 i
sunll\ | \ ! i H ¢ . : ' '
(Sl [ S SO S . .o ; i
i ) l N i e e
i . [ R R B R T P S ST S o Cooen e
K L T T L VT S A D S P PR T N
e R i . i : ‘ ;
[ L EPE R EPE PR 4
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(.039 in.) to cover the approx-
imate range in thickness on the
test tank. The force exerted by
the microspheres on the bottom
surface bar was mcasured using

a transducer sensitive to 0.1 g.
The apparatus was partially filled
with microsphercs, the pressure
was measured, more microspheres
were added, the pressure again
was mecasured and so on until the
apparatus was filled. The appara-
tus was empticd and the test was
repeated several times. Irom
Figs. 6-16 and 6-17, it can be
scen that the measured pressure
is less than that of an ideal liquid,
with an cqual density. Note that
the pressurce reaches a plateau,

then rises abruptly to a higher
Fig. 6-15 Microsphere Sclf-Weight

latcau hecause of the bridging e
P cause o dging I'est Apparatus

cffeet of the microspheres during

ach of the series of test measurements.,

Also note the pressure rise is slightly less when the thickness is deercased.  The
upper limit of the pressure curves for the total number of test series was Titted empiri-
cally for usc in the thermal model shown carlier in seetion 4.3, This equation was
integrated with respect to height to provide the self-weight force exerted on the micro-

sphere contacts going from the top (0 foree) to the bottom (maximum forcee) of the jacket,

65.5.5 Vacuum Integrity and Evacuation Rate
The tollowing general comments can be made regarding the performance of the syvstem,

Insulation pumpdown time to 1.3 Pa took approximately 6 hr as measured by the

-
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bottom jacket pressure sensors. The pressure dropped to less than .013 Pa
within minutes following the start of LN2 fill because of the cryopumping of the
residual CO2 gas. The minimum pressure in t-lzle insulation with a l-atm load on
the jacket was .0027 Pa torr at the top and 10 ~ Pa at the bottom of the jacket.,
These pressures were limited more by the speed of the pumping systems and the
low level tank leak rate than the vacuum integrity of the jacket. In fact, no leaks
occurred after 13 thermal /pressure cycles in;

® 23.2m (76 ft) of welded joints

® 4.5 m2 (48 ft2) of jacket membrane

® Wedges (including several damaged ones)
® Stiffeners

Leaks did occur in the soldered final closure joint and a’ the warm ends of the struts.

The jacket expanded and contracted elastically as designed and showed no discernible

change in its visual appearance following 13 thermal /pressure cycles.
6.6 DISCUSSION OF TEST RESULTS

An analytical thermal model was developed to predict insulation heat transfer as a iunc-
tion of temperature, compressive load, and interstitial gas pressure. Once the validity
and accuracy of this model is established, it provides a tool for thermal design of full-

scale cryogen insulation systems.

Methodology of model development is summarized in this section. Also, experimental
data from section 6.5 are compared with analytical model thermal performance pre-
dictions in terms of boundary temperatures. compressive load, and insulation inter-

stitial gas pressure,
6,6,1 Insulation Thermal Model

The model used to characterize thermal conductivity of microsphere insulation for

this program (sec section 4,3) is a derivative of an analvtical expression developed
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|
under prior LMSC Independent Research programs for heat transfer in packed heds o
microspheres. This expression, in turn, is based on results of carlier theoreticn]
and cxperimental studies (Refs. 6-1 through 6-13) of heat transport in packed beds
of spheres. As the basic information leading to its development has appeared in the
literature, only the major considerations are discusscd here.
Definition of Terms. The terms used in the development of the model follow:
B = optical properties of the sphere houndaries,assumerd to
bhe gray
d - = microsphere diameter
E =  compressive modulus
QNN QLI UL Qi = packing geometry factors of the bed
H = integrated microspheres self-weight
h =  maximum vertical height of jacket
k = effective thermal conductivity
k =  contact thermal conductivity
kc(r = sum of constriction and gas-phase thermal conductivity
5
¢ = c 2
k, koo /1 +2XL/5,
kgc = gas-conduction thermal conductivity
k;%'o = gas-thermal conductivity at standard conditions
kgs = gas-thermal conductivity inside the sphere
ke =k {1+ [2m - w/ep s D1/1-1m (1 -»/ev+ )i}
kr = radiation thermal conductivity
ks thermal conductivity of glass
K = 1- kg/ks
| § = insulation thickness
1. = mean free path
m = void fraction
n refractive index of microspheres
6-21
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P =  external compressive load

T
kS|
It

gage pressure

g
e
]

Prandtl numher

= heat flux

Ll 0
"
i

radiation heat flux

=  sphere radius

= pressure gage temperature

H Tc =  absolute hot and cold boundary temperatures, respectively
=  sphere volume

=  thickness

= accommodation coefficient

= extinction coefficient of microspheres

=  specific heat of gas

= 2mdgr/3 (1 - m)

gold coating boundary temperature total hemispherical
emittance, metal to vacuum

8 = To/Ty
Poissons ratio
= ks /kg
' X =  true sphere density

S A I
|

m
oo
m
@]
i

=
i

=  Stefan Boltzmann constant

q
I

Analytical Considerations. The major heat-transfer mechanisms in packed spheres

:
i

; under evacuated conditions consist of the surface radiation transfer across the voids
‘ and the constricted conduction through the coutact surface of packed particles. If a

| gas is present in the void space between spheres, a second conduction mechanisin
exists. For a medium with coupled conduction and radiation transport. it has been
shown (Ref. 6-14) that the effective (or apparent) thermal conductivity k., defined in
the Fourier law
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q - -l\(l)nx (1)

can be well approximated under most conditions as the linear summation of the con-

duction and radiation contributions

k(T) = kcg(T) + k(1) (2)

where kcg(T) is the additive sum of constriction and gas-phase conduction contribu-
tions. In particular, under optically thick conditions such as in most microsphere

insulation applications, this summation procedure is an excellent approximatior.

For packed solid spheres, the contact conductivity kc can be expressed as (Ref. 6-9)

1/3
2, /ia 1/: o
kc = st[(l - W)/E] (P) /3 (3)
for large compressive loads where P is the compressive pressure. and
o 1/3 , 1/3 )
kc = F‘ks [(1 - KYVE] [(e, Vey/r] '

for conditions where the contact force is a function of the self-weight of the bed (sccond
hbracketed term in the right side of the equation). In the case of thin-walled hollow
spheres (wall thickness-to-sphere diameter ratio = 0.01), Eqgs. (3) and (4) are modi-
fied to kc ~ P1/2 and kc ~ C1/2 (Ref. 6-11), respectively.

When a gas is present in the void volume be’ veen spheres. heat is conducted through
the gas layer as well as the contact area hetween spheres. This conduction through the
aas is a function not only of the gas thermal conductivity but also the distance hetween
points on the surfiace of adjuacent spheres and the mean-free path of the gas. An ap-

piarent thermal conductivity for this mode can be expressed as (Ref. 6-3)
6-33
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"
kgc ~ I kg‘ i(ks/kg)

where kg is the conductivity of the gas at atmospheric pressure modified hy the local-
spacing/mean-free-path relationship.

The radiative heat flux at any point in an optically thick medium can be expressed as
(Ref. 6-15)

_ A d 2o 16n° oT° 4T dT
@ " 3ax\"

W ax | Krdx (6)

where the extinction coefficient 3, which is the sum of absorption and scattering co-
efficients for the packed sphere medium, is experimentally determined. Coupled
with radiation slip boundary conditions, the q, equation can be solved to give the
general expression (not just restricted to the optically thick case) for radiative heat

transfer through a plane layer of absorbing and isotropically scaitering media:

n?o (T - TO)
r 3/4 BL+ (1/EH) + (17€c) -1

For the low emittance metal boundaries, the effective emittance =

= ne, where n
is the effective refractive index of the medium (Ref. 6-16), and ¢ is the metal-to-

vacuum emittance.

For comparing with experimental data as well as for engineering applications. it is
convenient to define the apparent thermal conductivity as

k = qt/ATy - Te) (])

The apparent radiation conductivity is

G~-34

LOCKMEED PALO ALTO RESEARCH LABORATORY
LOCKRHEED  MISStLES &4 sPACE

LCoOMmPANY tNC
A SUBY I DIARY ot
t

tOCtRNERD LER RN NE CORPORATION




n* bo(Tyy + Te) (T 121 i T(é)
k. = : (9)
r o 3/4p4+ (l]nc“) + (l/ncc)- 1

and the apparent thermal conductivity can thus he expressed as

B 23 2 _
k = Alks (T) + kgc (T) + Bﬁc’ll L+0) @1A+04) (10)
where A1 includes the packing geometry factor and elastic properties of the

spherc and the load; ks (T) 1is the temperature-~dependent thermal conductivity of

the sphere material; kgc is the apparent conductivity for the gas phase; B represcnts

the optical properties, assumed to be gray, of the spherc houndaries; and o = %/’l‘n.

Microsphere Thermal Conduct’vity Model, The general form given hy Eq. (10) is
uscd to define the thermal conductivity of the microsphere insulation as applied

to the test article. The first term on the right side of the equation is expressed as

rep + 1% @ T - a T (11)

1

0.5
represents the contact force

where T* is the packing geometry factor; (P + 1)
resulting from an externally applied compressive load P plus the integrated sclf-
weight of the bed H , and a  and a, are 6.26 X 1073 and 7.83 x 10-6, respectively,
as obtained from a fit of the literature data (Ref. 6-17) for the thermal conductivity

of horosilicate glass from 20° to 300°K (36° to 540°R). Tor the case of evacuated
microspheres, a thermal conductivity expression is obtained by substitution of the
contact conduction and radiation conductivitics into Eq. (2).

)0."

q = F*P + 1 % 6.26 x 107°T - 7.83 x 107°T%)dT Mdx + Bo1dT /ds

By integrating between 0 and ¢ for x and TC and T“ for T and multiplying
hy ﬁ/’I‘H (1 - 0), the resulting equation is
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‘- - - 1]
k = I'* (P + IVI)O"’ [3.13 x10 3TII (1 +0) -2.61 x 10 6 TIZI 1 - 03/1 - 0]
+ B oﬁTfi (a1 + 0 (1 + 02) , (12)

assuming B is independent of temperature,

If a gas is present in the void space between spheres, a third term is added to

Eq. (12). For hollow spheres having an evacuated or gas-filled interior volume, a
form of the gas contribution equation suggested by Kagner (Ref. 6-3) for porous
granules was emplayed for this analysis. This equation relates heat transport to the
thermal conductivity of the gas in the voids between granules and the effective con-
ductivity of the granule. The latter conductivity is a function of the conductivity of

the gas within the granules and the granule material itsclf. These properties in the
general case are temperature dependent, but the integration of the equation is cumber-
some considering temperature dependencies of both thermal conductivity and the gas
mean free path. In the solution used in this work, an approximation was made wherehy
the properties are evaluated as the average temperature betwecen boundaries for the
gas phase and by the expression for glass as a function of local temperaturc in the

manner of Er, (12).

A sccond consideration in calculation of gas-phase cffects is the definition of a local
pressure at low pressures as a function of the gage pressurc measured remotely
from the hed. For Knudsen numbers (L/éa) >> 1, a pressure gradient exists with
a temperaturc gradient in the porous media and one must then include the influence

of dP/dx in the rigorous solution. For this analysis, a mean pressure is defined as

p_(r/2 . pl/2

('l
5 oy H C
P 5 '1«1/2 (13)

g

where Pg is gage pressure and Tp,_ is temperaturc of the gage. Equation (13)

was used to compute the mean {ree path term for the gas conduction cquation.,
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The equation for the gas conduction contribution to overall thermal conduetivity is

2 k A
kgo = Ko ”Bﬂim) }\ 1n7{23-1-,:—‘ v 1 (14)
1_'—&. 1_—-—& g
:{gr 1\gr '

where kg is the thermal conductivity of the gas contained within the voids it the
pressure of interest, kgr is an effective conductivity of the hollow sphere, and

K~1- kgs/ks — 1 for microspheres at low pressure.

The complete equation used to represcnt the thermal conductivity of the tank microsphere

insulationis then

where for solid conduction

0.535 -6 2
° 1+ 0)-2.61»10"0 7

-5
. = . X
]‘sc 1.07 x 10 (P+H) 13

-3,
[3.13 x 10 ’lH

for gas conduction !

1 kg*r K
1 - B 1 - £ g
k_ k f
8r gr

and for radiation

n? 3 2 |
- T | o |
0.75 [)‘f*rn—(' vl ‘
'H “C f
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=0
The coefficient of the contact conductivity term (1,07 x 10 ')) and the P + 11 exponent
(0.535) were derived from the tank experimental data as discussed in scetion 6.6.2,
The value of H is evaluated from the hvdrostatic head test results of section 6.5,

pgand n in the radiation term were determined experimentally (Ref, 6-12).
6.6.2 Effect of Compressive Loading on Thermal Performance

The experimental data from the compressive load and ground-hold tests were analyzed
to cvaluate the coefficient and exponent of the contact conduction term of Eq. (15).

T'otal tank heat input data were corrected for heat leaks through supports, LIS00 blocks.
and springs. This insulation heat input value was then used to calculate an insulation
thermal conductivity. Radiation conductivity was computed for each set of boundary
temperatures using average emittance values for the jacket and tank based on the data
shown earlier in Table 6-3. Temperature dependence of emittance was computed for
e(T) = nTO°5 using the data from Ref. 6-5. This radiation conductivity was then
subtracted from the total insulation thermal conductivity to give a solid-phase thermal
conductivity. The solid-phase thermal conductivity was divided by glass thermal
conductivity at equivalent temperatures to obtain a nondimensional conductivity &
Figurc 6-18 compares the test article ¢ as a function of compressive load (P + H) with
those obtained previously using a flat plate calorimeter (IFPC) apparatus. The coef-
ficient A1 and exponent n, were calculated using—:g least-square routine and the result
is represented hy the dashed line (Al = 1,07 X10 and ng o= 0.535) . The bhroken
line represents the compressive load behavior observed from FIPC data for the initial
compression cycle where ny = 0.60 . After the initial cveling. the exponent ng o 0.55
is the best correlation of the FPC data to 100 cycles. This change in exponent with
cycling is attributed to 2 change in packing geometry, which is evidenced hy an observed

solid fraction change of 0.60 to 0.64 with the initial loading.

Test tank performance is in good agreement with the FPC data in regards to the load
dependence exponent n . lHowever, the cocfficient A1 is less than that derived from
the FPC data; consequently, the absolute vialue of thermal conductivity for the test

article is less than that for the FPC as shown by Fig, 6-19. This difference is
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SOLID-PHASE THERMAL CONDUCTIVITY (W/m°K)
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Conductivity Under a Compressive Load
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postulated to be the result of a difference in packing geometry for nearly identical solid
fractions. Evidence of this effect has been brought forth in a recent study (Ref. 6-18)
of possible contact orientations in a packed bed at a single solid fraction. Figure 6-20
illustrates the range of solid-phase conductivities that can be postulated from a statisti-
--al study of packing geometry. Thus, it is seen that solid fraction does not specify a
unique packing geometry. Inthe FPC testing, the packing may be much more uniform
than in the test tank because of the differences in the filling method. For the FPC. the
insulation is in a horizontal plane and the microspheres are poured carefully to cover
uniformly the horizontal area as the bed thickness increases. TFor the test tank, the

microspheres are introduced as a fluidized stream.
6.6.3 Effect of Insulation Gas Pressure on Thermal Performance

The expression in Eq. (15) for prediction of gas-phase thermal conductivity was com-

pared with the nitrogen gas experimental data. The void fraction m, used in the
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calculations, is 0.36. Spherc thermal conductivity kg‘r was calculated assuming the
pressure within the sphere was .013 Pa of nitrogen gas, and the characteristic

void dimension 5:1 was based on a mean sphere diameter of 75 % 10’6 m (0,003 in,).
Correlation between the conductivity model and earlier experimental data for the micro-
sphere insulation obtained from a guarded hot plate* for helium and nitrogen at two
average temperatures is shown in Fig, 6-21. These data for the relatively small tem-
perature difference of 50°K (30°R) between hot and cold boundaries show good agree-

ment was obtained for the temperatures and pressures investigated.

Test article data were analyzed by subtraction of the contact conduction and radiation
terms, computed for each test condition, from the total conductivity to obtain the gas-
phasc apparent conductivity. The test values are compared with the predicted values

in Fig. 6-22. The dashed line represents the prediction as a function of pressure.
Circles show the earlier data for microspheres and the triangular points are for the

test article. The pressures shown are the temperature corrected values of gage pres-
sure, as discussed in section 6.6.1. In all cases of test article data, the experimentally
deduced points fall below the prediction. No reason for this deviation is apparent.
However, four possible causes can be postulated. First, there is a possibility that the
gage pressure is not related directly to the insulation pressure because the pressure
data were taken at locations separated from the insulation space by small pore-size
screens. Second, the correction applied to the gage pressure may be incorrect, par-
ticularly for large temperature differences between boundaries, considering a nonlinear
temperature gradient in the insulation. Third. the packing geometry variation suggested
from the compressive load data may result in a value of 6, differing from the assumed
value. And finally, the assumption of decoupled heat transport mechanisms may not be

adequate for this condition, although it appears reasonably accuraw for small AT

studies.

*ASTM C-177. American Society for Testing and Materials. Philadelphia. Pennsvlvania,
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6.6.4 Space-Hold Thermal Performance

Thermal conductivity of the microsphere insulation as a function of the warm houndury
temperature is shown in Fig. 6-23. The data represented by the open circles are for
the initial test, and the triangular and square points are for data obtained after 3 and 7
thermal-pressure cycles, respectively. Considering the initial test and post-third
cycle test, the conductivity can be expressed as a function of TH to the 1.78 power,
If all five points are included, the best fit of the data is TH to the 1.86 power. Except
at the limits of pure conduction or radiation. the total conductivity cannot be expressed
as a single function of temperature because of the differing temperature dependencies
of the conduction and radiation contributions. However, for the space-hold conditions

the data should approach the radiation limit —i.e., approximately T3 . ‘

The calculated thermal conductivity as a function of hot boundary temperature, from
Eq. (15), is shown by the dashed line of Fig. 6-23. Over the temperature range shown,

T, (°R)

(
H
450 500 S !
7.0 1 I 4.0 ‘
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Fig, 6-23 Space=Hold Thermal Conductivity
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the calculated conductivity can be approximated as k ~ lel' 1 . From flat-platc calo-

rimeter data (Ref. 6-12). k ~ 'I“i)'[‘ 7 over this range of hot-hboundary temperatures.,
For the FPC data, however. the (P + II) term of Eq. (15) is nearly zcro as H is very
small and the conduction heat transport is insignificant. In the test article case. H

is appreciable (see Iigs. 6-16 and 6-17). The conduction term then hecomes a signifi-
cant fraction of the total heat transfer (see section 6.6.6), thereby reducing the tem-

perature dependence exponent to some value less than 2.5,

The displacement calculated from the experimental curve is believed to be the result of

: a slightly greater conduction component than predicted from the anal sis of the compres-
sive load data. An estimate was made of the maximum compressive load that could be
exerted on the microspheres due to volume changes and jacket shrinkage at temperatures
less than ambient (jacket filling condition). The calculated average load (assuming no
jacket support from the springs) is 20 Pa at 280°K (504°R) and 50 Pa at 244°K
(439°R). Inclusion of these loads in Eq. (15) increases the thermal conductivity to the

values shown by the broken line of Fig. 6-23. (A compressive pressure of 66 Pa

" would bring the calculated and experimental values into excellent agreement.)
’ Even without this correction. agreement between calculated and experimentally deter-

} mined values of thermal conductivity is within 10 percent, on the same order as the un-

| certainty in the experimental data.
6.6.5 Ground-Hold Thermal Performance

Comparison of predicted versus experimentally evaluated thermal conductivity for the

1.87
1
which indicates a radiation-dominant case. Equation (15) vields a temperature depen-

temperature dependency is vastly different, A k~ T results from the experiment

t

]

I

l

P ground-hold conditions is within 10 percent as shown in Fig. 6-24: however, the apparent
|

, dency of considerably less than unity, corresponding to that of the borosilicate glass —

‘l i.c., conduction-dominated. No explanation is presented for this anomaly other than
experimental uncertainty. Also. the data are over too limited a range. 25°K (45°R). to

provide @ reasonable assessment of temperature dependence.
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. Fig. 6~-24 Ground-Hold Thermal Conductivity
’ 6.6.5 Comparison of Calculated and Experimental Test Article Heat Inputs

Table 6-5 presents a comparison of calculated and measured heat inputs to the test
article for the different test conditions. Calculated values of conduction, radiation,

and insulation penetration heat rates are expresscd as percentages of the total calculated
heat rate. In general, the agreement between calculated and measurcd rates are quite
good. With the exception of the interstitial gas pressure serics, agreement is within

10 percent. For gas pressures in the 1.3 Pa range, the calculated values of heat

rate arc 19 to 28 percent greater than measured heat rates. At the lower pressures,

the calculations arc within 10 percent of the measured values.
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Table 6-5

CALCULATED VERSUS MEASURED HEAT RATES
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6 6.7 kxperimental Uncertaintios 1

Heat Rate. The uncertainty in the measured value of test tank heat rate is the

summation of the individual uncertaintios associated with the hoiloft mensurement

and the uncertainty resulting from changes in the sensihle heat of the Jiquid in the

tank arising from small ullage pressure changes during the measurement period, ‘
This maximum total uncertainty (as opposed to the lower rms uncertainty) may be

expresscd as
6q = 6V + 6p + shv + 5(2,2

where 6V is the maximum uncertainty in the volumetric measurement of hoiloff,
considcering the individual uncertainties in the flow meter and the measurements of
temperature and pressure of the gas; §p is the uncertainty in gas density derived
from the gas temperature and pressure measurements; hv is the uncertainty in
the latent heat of vaporization which is a function of the liquid purity and the temper-
ature in the tank; and 6({)‘2 is the liquid sensible heat term related to time-dependent

ullage pressure changes. |

The maximum uncertainty in volume mecasurement 6V was calculated to be 1.2
percent for the space-hold tests (lowest heat-rate series) based on the wet-test meter
calibration* of % 0.5 percent and the meter temperaturc and pressure measurement ‘
accurncies. For the ground-hold tests, this maximum uncertainty is 14 percent for
the lowest jacket temperature condition decreasing to 9 percent for the highest

. . . 3, . ‘
temperature case (based on the meter calibration accuracy of 4 0.4 m"”/min¥*). {

The ealeulated maximum uncertainties for the density op and latent heat dhv arve
0.5 and 0,1 percent, respectively. The density uncertainty is based on gas temperature .

and pressure measurcment accuracies of 0.4 and 0.1 percent, respectively, at the
*("alibrated against an NBS traceable meter. ‘
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flow meter. The error in latent heat is caleulated for a 0,5°K (0. 9°R) uncertainty
in the liquid temperature, As the liquid purity was greater than 99,998 pereent,

no error was assumed for any deviation from the latent heat data of Ref. 6-19,

The calculated maximum uncertainties for any test duc to the (’)(22 term,
based on the measurcd ullage pressurc fluctuations, are 1.2 percent for the ground-

hold test series and 6.7 percent for the space-hold data.

From thesec individual uncertainties, the maximum uncertainty in measured tank heat
rate is 8.5 percent for the space-hold scries of tests, TFor the ground-hold test
series, it ranges from 10.8 to 15,8 percent, the larger value corresponding to the

lowest jacket temperature data.

Thermal Conductivity. Uncertainties in the values of microsphere insulation

thermal conductivity are a maximum of 19.4 percent for space-hold conditions and
23.3 percent for-ground-hold conditions. These values are hased on the tank

heat rate uncertainties plus those resulting from the insulation mean area and
thickness measurements. jacket and tank wall temperature measurcments (AT),
and corrections for heat leaks through the springs, L1900 blocks, and the support

struts. Maximum uncertainties assigned to these parameters are:

Areca 1%
Thickness 4%
AT 2%
Heat Leaks 25% of calculated value

{sce Table 6-4)
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Seetion 7

DESIGN AND ANALYSIS OF SPACE TUG INSULATION SYSTEM

Using the information developed in this program, ‘nc microsphere insulation/flexible
jacket system was scaled to the Space Tug design. A preliminary design was performed,
weight statements and thermal performance data were generated, a manufacturing plan
was prepared, operational requirements were defined, and schedules and costs were
iaid out. Insulation system weights, thermal performance, and payload performance
were then compared with previously established goals, Payload sensitivity analyses

were also performed on selected insulation system characteristics,
7.1 INSULATION SYSTEM PRELIMINARY DESIGN

The preliminary design concept shown in Figs, 7-1, 7-2, and 7-3 was cvolved using
the environmental criteria and Option 2 Space Tug tank designs shown previously

in Section 2 as well as the data developed in Scetions 3 through 6.

The microsphere insulation consists of hollow, horosilicate glass spheres with a
skewed Gaussian-size distribution, a median diameter ol approximately 82 pn, and

a bulk density of 0,069 g/cc (4.3 1b/ft';).

The characteristics of the 1Oy and Lil, tank vacuum jackets are summarized in

Table 7-1.

The vaeuutn jacket is spaced off the tank wall hy a series of conical, helieal, stainles-
steel springs held in compression by a Kevlar strand (Fig. 7-2, Detail Fy. The springs
and preloaded Kevlar provide uniform jacket spacing off the tank wall in orbit when
significant dimensional changes in the tank and jacket can oceur (due to pressure and
temperature changes),  They also provide jacket support under ascent acceeleration
Joads when the atmospherie pressure drops to essentially zero, This design minimiees
the heat Joad and assembly time as compared to the three Kevliar strand design used

on the test tank assembly.,
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Table 7-1

SPACE TUG VACUUM JACKET CIHHARACTERISTICS

Paramcter LO2 Tank Lll2 Tank
Material 321 88 321 S8
Thickness, mm (in.) 0.08 (0,003) 0.08 (0,003)
Unit Weight, kg/m2 (lb/ft2) 0.62 (0.127) 0.62 (0.127)
Length of Welded Joints, m (ft) 184 (604) 393 (1290)
Number of Circumferential Squares 36 42
Number of Gores at thc Equator 12 14
Maximum Wedge Height, ecm (in.) 1.16 (0,46) 1.19 (0.47)
Minimum Wedge Height, cm (in.) 0.59 (0.23) 0.62 (0.24)
Wedge Angle (Deg) 30 30
Wedge Spacing at Equator, cm (in.) 32.1 (12.6) 31.2 (12.3)
Number of Spring Attachments 814 1444
Average Spacing off Tank Wall, cm (in.) 2.90 (1.14) 2,02 (0.80)

The formed vacuum jacket uses a pattern of expansion wedges demonstrated on

this program that allows the jacket to expand /contract as the tank changes dimensions
during cryogenic fill, warmup, or pressurization (Fig. 7-2, Detail C). A stiffening
bead pattern is formed in the panel squares to distribute the load at the spring attach
points. A special wedge pattern (Fig. 7-2, Detail G) is used to terminate the bhi-

axially flexing jacket at the rigid tank poles.:

Gore pancls arc joined by an overlap resistance scam-welded joint (Fig. 7-2, Detail D).

The final closure joint uses the same concept: flanged holes provide the required access

to hoth sides of this joint. during welding. Local flanges act as an assembly aid in pulling

the hemispheres together prior to the tack and scam welding of the final closure joint

(Fig. 7-2. Detail F).
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The vacuum jacket design around the tank support struts (Fig, 7-2, Detail 1) unes a
corrugated tube to withstand a 1-atmosphere load yet minimize weight, 'The warng end
closcout uses n convoluted design to allow differential movement between the fiberglass
strut and the strut cover, The convoluted strut assembly cover provides acceess

to the strut/tank arca during final assembly, allows attachment of the struts to the tank,
and minimizes the shifting of microspheres during evacuation. A fill port on the

cover provides visual verification of the microsphere fill level.

To provide access to the LHy tank top manhole cover or LO2 hottom manhole cover,
a removahle, doughnut-shaped insulation cover is used (FFig. 7-3, Detail H), Thce
microspheres are contained within a perforated Lexan/Dacron fabric containment
barrier on the doughnut that allows evacuation of the total access cover region yot
minimizes edge heat leaks. An inner and outer indium sandwich O-ring scal is

used on the jacket doughnut section. A similar design is used for the lower LI'I2
tank access cover (Fig. 7-3, Detail L). The upper LH2 access cover and lower LO?_
access cover are sealed off from the main volume of the insulation with stainless steel
hellows (to minimize the heat leak) as shown in Fig. 7-3, Dctail H. This separation
allows the access cover to he opened and closed without affecting the vacuum in the
rest of the insulation system. The hellows is ultrasonicully welded to the aluminum
tank., Polar-cap-type wedges (Fig. 7-3, Detail J) allow differential expansion
between the bellows and the tank.,

Engine loads are transmitted to the LO,, tank through a honeycomh strueture (I'ig.
7-2, Detail P).

The initial vacuum is obtained by evacuating the insulation to 1.3 P or less

and back-filling with 99.99 percent CO2 three times, The < 0135 Pa pressure

is ohtained with oil free absorption and turbomolecular pumps, This vacuum level is
maintained and monitored by three vacuum ion pumps as well as by the eryopumping

action of the LH,, and LO,.

7-9

LOCKMHEED PALO ALTO RESEARCH LABORATORY
(OCHMEED  MIVSILES & SPACE COMPANTY K
A SUBNIOIART GF (OCKHIED A ®CRAFT (ORPAPATION




Three specially designed relief valves (Fig. 7-3, Detail 35 Fig. 7-4; and Fig. 7-5)
are uscd to vent the viacuum jacket in ease of gross tank leakage. When alpha particle
sensors deteet a pressure in the vacuum jacket exceeding the design value, the squib
on the relief valve is {ired allowing the load release spring to raise the primary spring
off the seal scat. The scat is then held in place only by the sccondary spring. When
the vacuum jacket pressure exceeds the compressive force of the sccondary spring,
the relief valve vents. Note the relief valve will not allow air hack into the system
during shuttle rcentry into the atmosphere since the seal will reseat duce to increasing
atmospheric pressure and will not vent again until the AP exceceds the sccondary
spring force. Most of the plumbing penctrations through the vacuum jacket usc bayonct-
type conncctions as shown in Fig. 7-3, Detail L. Six insulation fill ports on cach
jacket, three top and three hottom, plus one on cach strut asscmbly, arc provided for
blowing microspheres into the annulus after the vacuum jacket has been installed

(Fig. 7-3, Dectail J). Screcns over the evacuation ports prevent microspherce migra-
tion into the vacuum pumps.

7.2 INSULATION THICKNESS OPTIMIZATION

The microsphere insulation thermal conductivity was calculated as a function of the
warm boundary temperaturc for the LO2 and LII2 tanks. Ground hold (1-atm load)
and space conductivitics (no external atmospheric load) arc shown in Figs. 7-6 and
7-7. The spacc-hold conductivitics were obtained by ratioing the test data to LO p OF
LH, cold boundarics with Eq. (15) i.c.,

A\

LH
K - (kIN ) =(km
LNZ 2 Test Data 2 Space-Hold

kEgq. 15~

The data include the micerosphere sclf-weight contact-conductance term, kSC. In orhit
thig term theorctieally goes to zero; thercefore, the conductivitics shown in Fig. 7-%
and uscd in all the subscquent analyvses are conscervative.  Sensitivity analvses in
scetion 7.8 show the space-hold thermal conduetivity can potentially drop to Jess than

1/2 the values shown in Fig, 7-7. Paramectric insulation thickness optimizations
=10
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Fig. 7-4 Relief Valve Design
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Fig. 7-8 Optimum Insulation Thickness

were performed for the LO2 and LH 9 tanks as a function of thermal conductivity as
shown in Fig. 7-8. Using conductivity data from Fig. 7-7, the optimum thicknesses
from TFig. 7-8 arc 2.9 cm (1.14 in.) for the LO2 tank and 2.0 em (0.80 in.) for the
LIT_ tank.

112

7.3 WEIGHT AND THERMAL PERFORMANCE

A weight statement for the LO2 and LII2 microspherce insulation systems is provided
in Table 7-2 for the optimized insulation thicknesses. A ground-hold and space-hold
heat rate and heat flux summary is provided in Table 7-3.

7.4 MANUFACTURING PLAN

The manufacturing plan is subdivided into seven dilferent arcas for purnoses of

discussion.
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Table 7-

Tg—

WEIGHT STATEMENT T )R THE SPACE TUG MICROSPHERE INSULATION SYSTEM

[ten " Tuanl, Ly by Il_, Tank, Ly shy
I, Vacuum Jacket B6L20 (<0, 010) G710 (118,60

1.1 lxpansion Wedge Apen (inceludes joints) 21,80 (1%, 06) 15,50 (103, 6)
1.2 Access Cover Aroin

® 5SS Outer Ring 1,51 (3.33) 1.o1 (3.53)

o Machined Scal and O-=Ring 1738 (3,81) 1,75 (2.8

® S8 Bellows 0,60 (1.32) G.60 (1.32)

o Lexan/Dieron Fabric 0,04 (0.09) D01 (0,00

¢ Remoavable Jacket Doughnut-Shape Cover 2,08 (4,.81) 2008 18

® Cover Center and Vent Line 0.1 (0,97 0, b (0, 97)

® Serews 0,12 (0,26) 0,12 (V,26)
1.3 Boost-Pump Cover Aren

® SS Outer Ring - 1.GS (3.70)

® Jlachined Seal and O-Ring - 017 (1.0

® [.exan/Dacron Fabrie - 0,03 (1,07

® Removable Jacket Doughnut-shape Cover - 1,35 (3.42)

e Cover Center - 0,36 (0, 749)

® Screws and Nuts . u, 16 (0,35

e Fill/Drain/Abort Bavonet Joint 0 (0,9m 0,40 (0, 58)
1.4 Strut Sleeves (Jower) Juonl (s 170 (3.79)
1.5 Strut sSleeves (upper) - 1S 3.26)
1.6 Vent Line Sleeve 0,13 (0,2 9,13 (0,29
1.7 Zero-G Vent Line Sleeve (2 eny) 0. 10 (0,22) 0,10 (0.22)
1.8 Spring Wire Attachments 3,06 (6.76) S0 (11,99)
1.9 Epoxy/Gold Coating 0.36 (0.749) 0.77 (1.70)

2

Microsphere Insulation

76.5 (168.5)

110,10 (213, 28)

2.1 Average Thickness

2,2 Extra Volume for Top Access Cover
2,3 Fxtra Volume for Lower Access Cover
2.1 Extra Volume for Struts

72,0 (1535,6)

107,60 (237,1)
0,96 (2,12)
0,30 (0,66)

1.5 (3.-40)

3a

Equipment and Miscellancous

2060 (5.71)

3.1 Microsphere Fill Caps
3.2 Sead-Of Valves (3 ca,)
3.3 Filters (3 eay)

3. fon Pumps (3 ea,)

3.5 Over Pressure Rehiet Valve (3 eny)

3.6 Over Pressure Reliet Valve Control System (o8 en )
3,7 Lines and Tees

3.3 Epoxy //Gold Coating on Tank

0,66 (1,-16)
0,15 (0,35
0,02 (0.0H
0,51 (a1
0.,
0,14 (0.3
0,07 (0,15

0,36 (1. 79)

[

(1.09
0,15 (10,33)
0,02 (0,04)
0.51 (1, 19)
U (U, 90)

0,77 (1,70

T1o (250,70

IS0, (397, 6)

i
i
%
l
|
-
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Table 7-3 |
HEAT TRANSFER SUMMARY FOR THE SPACE TUG MICROSPHERE
INSULATION SYSTEM
Orhit Heat Leak, W (Btu/hr)
Item Ty = 222°K (400°R)
LO2 Tank LH2 Tank
Insulation
® Microspheres 69.4 (236.8) 207 (707)
@ Spring/Kevlar Attachments 3.2 (11.0) 7.7 (26.5) |
® Lexan/Dacron Edges in Access Cover 0.30 (1.02) 0.62 (2.12) f
® SS Closeoff Bellows 0.67 (2.29) 0.98 (3.34)
Tank Supports 0.33 (1.13) 0.33 (1.13)
Plumbmg 1
® Pressurization Line 0.10 (0.34) 0.15 (0.51)
® TFeed Line Bayonet 0.61 (2.08) 0.89 (3.04)
® Fill/Drain/Abort Bayonet 1.82 (6.21) 2.65 (9.04)
® Ground Vent Line 0.61 (2.08) 0.89 (3.04)
® Space Vent Lines (2 ea,) 0.10 (0.34) 0.15 (0.51)
Thrust Cone ? -

Totals 77.1 (263.3) 221.4 (756.2)

Heat W /m? 2.1 2.9 !
| Space Flux (Btu/hr £t%) (0.68) (©.91) ‘
] {
1 Heat W/m> 32 48 .
| Ground Hold| oy Bruhr 1% (10) (15)
| Ty (Ground Hold) 283°K (510°R) | 280°K (504 °R)

-1
]

Pumd

<
y .
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7.4.1 Facilitics and Tooling

Major facility and tooling requirements for the microsphere insulation system arc
provided in Table 7~4. The hydropress forming method developed on this program is

uscd as a reference to establish these requirements.
7.4.2 Vacuum Jacket Forming

The hydropress jacket forming method was selected for the test article based on the

following rationale:

® The forming method had been demonstrated previously on small panels

® Changes in the jacket tooling dimensions could be made if test results
dictated changes

® The maximum size of the gore pancl was constrained by the size of the avail-
able hydropress

® Assembly costs were not an overriding consideration since only one test

article was heing fabricated

However, once the basic design has heen firmed up, therc are other forming
procedures such as explosive forming and electroless nickel plating that can he
considered for the full-scale Space Tug that simplifies the assembly sequence for
multiple assemblies as shown in Fig. 7-9. However, these methods have not been
proven and would require additional development before they can be sclected.

The explosive forming method consists of stretch forming gores, welding together
a hemispherc and then explosively forming the wedges in a one-step operation while

immersed under water.

The electroless nickel deposition method deposits a nickel layer inside a rubber
femalc die, shown in Fig., 7-10, allowing a seamless hemisphere to be made.
Thickness can be controlled to approximately 10 percent over complex shapes based

on small-scale deposition tests.
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Table 7-4

MAJOR FACILITIES AND TOOLING REQUIREMENTS

(HYDROPRESS FORMING)

Li-L

Major Facilities and Equipment

LAC3026-030000 Working Area (Good
Housekeeping)

Large Spray Booth
Overhead Cranes
Hydropress
Stretch Press
Resistance Seam Welder
He Mass Spectrometer Leak Detector
Vacuum Oven

Jacket Forming Dies
LH,, Jacket
o :i‘wo stretch form dies
e Four gore dies

® One polar cap die (includes mating
vertical and horizontal gore wedges
in pattern)

LO,, Jacket
e Three stretch form dies
® Three gore dies

e Two polar cap dies (includes mating
vertical and horizontal gore wedges
in pattern)

LH2 Jacket (2 ea.)
LO2 Jacket (2 ea.)
Jacket and Tank Handling Fixtures
Major LH, Jacket Subassemblies (4 ea.)
Major IiJO2 Jacket Subassemblies (2 ea.)
Tank Rotation Fixture (2 ea.)
Jacket Storage Fixtures
For Small Gores and Polar Cap Panels (200 ea.)
For Major Jacket Subassemblies (12 ea.)
Microsphere Processing Equipment
Air Fractionation
Compression
Flotation
Bakeout
Storage

Transfer

Jacket Welding and Leak-Checking Fixtures W




HYDROPRESS-JACKET FABRICATION SEQUENCE

> r
>0 MASK, SOLDER,
a0 STRETCH FORM HYDROMRESS GORE FITUP, TRIM, WELD ON LEAK CHECK, COAT, EPOXY 1O
-2 ; PANELS, ROUGH |—m{ AND |31 CLEAN, TACK - JACKET ! REPAIR IF L) SPRAY, ! FINAL
S - m TRIM POLAR-CAP PANELS WELD, SEAM WELD PENETRATIONS REQUIRED LOCKSPRAY GOLD, ASSEMBLY
° o m DEMASK
- o]
- z 1
2>
O -
-0
5 - > EXPLOSIVE-FORM-JACKET FABRICATION SEQUENCE
- r
. -
z - (e} -1
= 2 A FITUP, TRIM
O w m ’ ’
s * STRETCH CLEAN, TACK EXPLOSIVELY WELD ON JACKET '&"31’; :%25"' 10
» m A s
- 32 FORM || WELD, SEAM gm0 O DGES [ ™ PENETRATIONS, 8= cop i/ LOCKSPRAY ™ FINAL
o~ PANELS WELD, LEAK LEAK CHECK ASSEMBLY
a GOLD, DEMASK
= 0 CHECK ,
mo I
z
~ ;
o »
iz g ELECTROLESS-NICKEL-DEPOSITION-JACKET FABRICATION SEQUENCE
S
» -3
-2 0
o 3 DEPOSIT NICKEL
JACKET, RINSE, ELECTROLYTICALLY WELD ON JACKET 10
LEAK CHECK, | ge{ GOLD COAT INTERIOR, =1 PENETRATIONS, % FINAL
REPLATE IF RINSE LEAK CHECK ASSEMBLY
REQUIRED

Fig. 7-9 Comparison of Jacket Forming Methods
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Table 7-5 shows the advantages and disadvantages of the two methods as compared
with the reference hydropress method. The clectroless nickel deposition method
appcars to offer the greatest potential cost savings by minimizing welded joint
lengths, leak checking and repair time, assembly steps, tooling costs, and labor
requircments. The nickel coating, however, is slightly heavier than an cquivalent
stainless steel jacket and may be more brittle. Porosity of nickel coatings have also

been a problem in previous work.
7.4.3 Vacuum Jacket Joining

All joints in the vacuum jacket will be resistance seam welded using the methods
developed on this program, The location of the final closure joints selected for

the LH2 jacket is pattern 1 in Table 7-6. This pattern minimizes the length of the
closure joint over patterns 2 or 3; however, it was judged to he more difficult to
install than pattern 3. The final closure joint on the LO2 tank is located at the
equator. Design of the final closure joint was shown previously in Fig. 7-2, Detail E.

All strut enclosures and plumbing penetrations are welded into the jacket.

7.4.4 Gold Coating

The epoxy/Lockspray gold coat is applied to the tank using the methods developed on this
program. Circular areas for spring attachments necd not be masked off; the spring
assemblies can be bonded over the coating with good adhesion.

The gold on the inside of the vacuum jacket is deposited in the same manner for
hydropress or explosively formed jackets and clectrolytically if a nickel jacket is

| sclected. Electrolytic coatings climinate the need for the spring attachment solder
L precoat: in addition, there arc no joints to be masked off as is the case for the other
| two forming methods. Electrolytic gold coatings were demonstrated on the strut

box interiors in this program.
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Table 7-5
COMPARISON OF FORMING METHODS
Item Hydropress Explosive El;(ftll'{(llless
(Reference) Form 1exel
Deposiiion
Number of major handling steps ® Trim panels ® Leak check ® Remove,
which may produce jacket damage| ® Weld panels ® Remove, trim, trim
after wedges are formed ® Leak check install install.
® Remove, install
Length of LH, jacket welded 393 (1290) 250 (821) 49 (160)

joints,(@) m (ff

Cost risk if wedge forming pro-
duces unacceptable part

AP across jacket during leak
checking

Is hard tooling required?

Development risk items

LY. jacket weight dilferences (%)

Low; lose only one
gore

2.5cm (1in.) of
1120: 1 atm over
local areas

Yes

0 (Ref.)

High: lose dome
that has been
stretch formed,
joined, leak
checked

1 atm

No

Forming
development,
forming over
welded joints,
part removal

-1.0

Fairly low;
lose 2 to 3
days of plating
time

1 atm

No

Plating devel-
opment, nickel
properties,
part removal

+ 7.4

(1) Test tank demonstrated on this program has welded joints 23 m (76 {t) long.



Table 7-6

COMPARISON OF FINAL CLOSURE JOINT LOCATIONS FOR THE LII2 JACKET \

Final Joint | Size of Dic(s) Length of FFinal | Are Special Joining

: Easc of Installation
Closurc Joint Procedurcs

attc 2 ;

Pattern mé4 (ft%) m (ft) Required ? on the Tank

2 parts
l.( ) 38 (414) 20 (68) No 2 (cylinder clearancce) :

2 parts
Z.E 38 (414) 25 (85) Yes, around polar |2 (strut attach-point

cap wedges and clearance)

into end caps~—r—

4 parts
3. 38 (414) 49 (160) No 1@

(a) LEasiest.

7.4.5 Spring Assembly Fabrication

To minimize assembly costs as well as the heat leak, the cylindrical spring assembly
with three Kevlar tiedowns used on the program was changed to a conical tapered
spring design (Fig. 7-2, Detail F) with a single Kevlar tiedown. Chem-milling of the
tapered spring and filament winding of the central Keviar strand around two end pins
needs to be demonstrated.

- - & -—

7.4.6 Microsphere Insulation Processing

The microsphere processing steps developed on this program and recommended for
the Space Tug are:

® Sizing by air fractionation

|

l

) e Compression to 1.33 atm |
|

|
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J
® Separation of unbroken spheres hy flotation
® Vacuum hakeout at 421°C (790°F) at pressures of ,00135 Pa for 60 days !
f
7.4.7 Tinal Assembly
The proposed final assembly sequence for the LH2 tank shown in Fig. 7-11 is ‘
self-explanatory.
The LO2 tank installation is similar and was demonstrated on the test article (as its
final closure joint is also at the equator).
7.5 OPERATIONAL REQUIREMENTS ‘
The following equipment and supplies are required to support the operation of the
microsphere insulation system:
® An oil-free ground pumping station consisting of absorption pumps and
turbomolecular pumps
® Pumping speed of 500 liters/s
® Ultimate vacuum < .0013 Pa
® A helium mass spectromeier leak detector, special rubber forms for bagging
different sections of the jacket, anda helium gas supply
® Crest adhesive and oven !
® Pressure gage readouts
Following initial cvacuation, the insulation system will require periodic evacuations !
d
over its lifetime of approximately 5 years to maintain a pressure below .013 Pa. '
{
Inspection and refurbishment requirements summarized in Table 7-7 are compared )
with the reference helium purged Superfloc system.
If a jacket leak develops, the helium mass spectrometer is used to pump on the insul-
ation. Arcas are bagged using the rubber forms and flooded with helium to pinpoint the :
leak. The leak is repaired with the flexible low temperature Crest adhesive, ‘
‘
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Table 7-7

MICROSPHERE INSULATION SYSTEM INSPECTION
AND REFURBISHMENT REQUIREMENTS

Helium Purged Superfloc Requirements

Microspherce System Requirement

Monitor Boiloff or Pressure Rise During
Ground Hold and Orbit

Visual Inspection of System After Each
Flight.—
Leak Test System After Each Flight

Functional Test of System After Each
Flight

No Scheduled Replacements for 20 Flights

Load Helium for each flight

Yes

Yes
(until experience is gained with system)

Monitor vacuum jacket pressure during
flight and on the ground

® Chceck ion pump operation

® Check jacket overpressure relief system
® Monitor vacuum jacket pressure
°

No scheduled replacements for 20
flights

® Jon pumps good for 50 flights (turned
on only during flight)

Periodic re-evacuation may he required
or insulation may be vented to space
in orhit

7.6 SCHEDULE AND COSTS

The DDT&E schedule for bringing the microsphere/ flexible jacket insulation system
to flight qualified status is shown in Fig. 7-12.

Following a development phase, engineering models of both the LO2 and LH2 insulated
tanks are designed, fabricated, and tested as follows: simulated ground hold and

space therma! performznce tests, 24 simulated thermal/pressure flight cycles, plus

vibration and acoustic tests. A qualification model (where the insulated tanks are

installed in a complete Space Tug) is used for a system checkout of the Tug. Following

qualification, 17 tugs are fabricated, one every 3.5 months over a 5-year period. This

DDT&E schedule could be compressed from 5 to 3.7 years if required.
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Cost analyses of the microsphere insulation/flexible jacket system arce made using
the same manpower categories and costing ground rules given in Ref, 1-3, so dircet
comparisons with the Lalium purged Superfloe system can he made. Labor rates used
are LMSC averages for the calendar year 1973 and ars different from the rates in
Ref. 1-3. Fee and GIFE furnished cryogens ave not included in the DDT&E costs,
Costs for the microsphere processing cquipment, spring assembly development, and
major tooling arc given in Tables 7-8, 7-9. and 7-10. The enginecring model costs
are provided in Tables 7-11 and 7-12 while the qualification model costs are shown

in Tables 7-13 and 7-14,

The total costs for the program (DDT&E, production, and operations) are compared

with the helium purged Superfloc system in Table 7-15 and summarized in Table 7-16.
7.7 PERFORMANCE COMPARISON WITH GOALS

A series of weight, thermal performance,and payload performance goals were
established in section 2.1, hased on data from an analytical study of the Space Tug
given in Ref. 1-3. The same company that performed the study demonstrated this
insulation conrept under another contracti {Ref. 1-4) on a 2.23-m (7.3-ft) diameter
oblate spheroidal tank. The insulation (Superfloc) ground hold method (helium purge)
and mode of operation (reusable) arc the same as recommended in the Space Tug study.
Therefore, to compare scaled hardware weights from this program against scaled
hardware weights for the helium purged Superfloc systcm, a weight statement was
devcloped as shown in Table 7-17. Note the Superfloc insulation weights, shuttle
cargo bay weights, and insulation heat rates (hoiloff) were kept identical with the
analytical study. The weights of the purge bag, purge distribution hardware, and
purge fairing were scaled using a weight/unit area relationship. The penetration

pancl weights were kept the same a5 the test panel,

Prorated burnout weight comparisons of the systems in Tables 7-17 and 7-18 for a

163-hour mission show the following:

kg (1h) Change (V)
Gool 192,414 (124 -
Microsphere System 420,38 (918) + 121
sSuperfloc System Na9 (1282 +191
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Tabhle 7-8

DDT&E COST BREAKDOWN FOR MICROSPHERE PROCESSING EQUIPMENT
(HOURS AND 1973 DOLLARS IN THOUSANDS)

- . e Test/ Program
- e ng
Engineerin, Fooling FEvaluation | Management
Hr S| Hr X | Hr S [ Hr b
® Compression 0.2 -4 0.3 60,3 3
® T[lotation 0.6 12 1.5 300 1.0 17
® Drying 0.5 10 0,4 Int g2 3
® Vacuum Bakeout 0,6 12 1.3 261 0,5 14
Subtotal 1.9 in 4.0 “of 22 37 1.2 21 j
- A . MY S
TOTAL
Hr 0,3
X179
Table 7-9

DDT&E COST BREAKDOWN FOR SPRING ASSEMBLY DEVELOPMENT
(HOURS AND 1973 DOLLARS IN THOUSANDS)

Engincering l Tooling [ Test/ [ Program L
ARincering | ? " Fvaluation @ Managemoent
b ceee T e
ir 2 Hr S 2 b
- it SRS S S SR
® End Plate Tooling 0,2 i ! 0,1 o, 2
® Spring Chem-Milling K <ty 9 lo.g s ‘
® Tilament Winding and Assembly | 0,6 12 0,7 B} | 0.4 \ :
S . “..,+_“ e
Subtotal 2 # b2 w0 1“'—’ 10
TOTAL
Hr 3.~
b
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Table 7-10

DDT&E COST BREAKDOWN FOR JACKET TOOLING AND FIXTURES
(HOURS AND 1973 DOLLARS IN THOUSANDS)

. . . Test/ Program
Engineering Tooling Evaluation | Management
| Hr 3 Hr $ | Hr $ Hr $
» ; 5
b ;1 Jacket Tooling
P
° 7 r’:’, 5 Stretch Form Dies 0.6 12 1.3 28 0.6 12
.3 7 Gore Form Dies 3.4 69 | &8 178 |5.2 105
o g 3 Polar Cap Dies 1.0 21 | 2.4 50 | 1.9 39
SIF Jacket Welding & Leak-
.0 A Checking Fixtures
- )
- pi] o
R = 3 End Closures 2.2 45 | 11.2 204 | 6.0 120
Ie g 1 Cylindrical Section 0.9 18 | 3.8 74 |2.1 42
= 0
SN Jacket Storage Fixtures
zx I
" P
o » 8 200 Small Panels 0.2 4 2.0 39
57 3 12 Major Subassemblies 1.6 32 | 4.8 95
» ~4
g z % Jacket Handling Fixtures
6 Fixtures 2.8 56 6.0 110 0.4 K
Subtotal 12.7 257 {(40.3 778 116.2 325 7.8 155
TOTAL
Hr 77

$1515




Table 7-11

DDT&E ENGINEERING MODEL COST BREAKDOWN (LO
(HOURS AND 1973 DOLLARS IN THOUSA

INSULATION SYSTEM)
NDS)

Engineering !\ILILT:l/IOI) Production \11::1::(':;:?:11
Hr b Hr g I X jHr R
Design. Documentation 6.0 119
Microsphere Processing 0.2 4 0,2 10
Spring Assemblies Fab. 0.2 ! o4 -
Jacket Fabrication
® Form 0.4 3 ] 10
® Trim. Join (Including 1.0 20 Y 6,2
penetrations)
‘ ® Leak Check 1.0 Ia 1.0 16
® Solder Coat 0,2 4 0.2 1
® Gold Coat I 6 0,6 14
Tank Assembly
& Gold Coat 0,1 & .4 10
Bond Springs 0,1 6 0.6 10
® Asscmble Jacket, Struts, 1.6 B2 2.4 13
Plumbing
¢ Leak Checek a,1 ) 0.1 s
® Join Springs 0,4 b 0,6 10
& Till With Microspheres 0.~ 16 0o~ 11
® Instrument 1.6 32 b~ §}]
Fvacuation Tests 0.3 g oo,y s
Thermal Performance Tests 3.8 Taf2 REE)
e 24 Thermal/Pressure Flight| 6.0 120 f15.0 299
Cycles
® Vibration Test 1.0 200 3.0 60
® Acoustic Test 0.8 167 2,0 10
Subiotal 27,1 S31 321 Gl 13,8 194 16,0 119
\, TOTAL
| He 79
| 1153
!
|
\
]
r
t
|
;
|
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Table 7-12
DDT&E ENGINEERING MODEL COST BREAKDOWN (LH, INSULATION SYSTEM)
(HOURS AND 1973 DOLLARS IN THOU&ANDS)
Enginecring Ev'g.lef;éon Production E\-I;Iz)nr;)gg;;l:n t
Hr $ | Hr $ | Hr $ |Hr $
Design, Documentation 7.8 155
Microsphere Processing 0.2 0.6 18
Spring Assemb)‘es Fab, 4,2 + 0.6 14
Jacket Fabrication
® Form 16 0.8 18
® Trim, Join (including 40 7.2 122
penetrations)
® Leak Check 1.8 36 1.8 30
& Solder Coat 0.2 0.2 4
® Gold Coat 0.6 12 1.2 24
Tank Assembly
® Gold Coat 0.6 12 0.8 18
® Bond Springs 0.4 8 1.0 16
® Asscmble Jacket, Struts, 2.0 40 3.2 54
Plumbing '
® Leak Check 0.6 12 0.6 10
® Join Springs 0.4 8 1.0 16
¢ Fill With Microspheres 1.2 24 1.2 20
® Instrument 2,0 40 2,2 38
Evacuation Tests 0.6 12 ] 1.2 2.4
Thermal Performance Tests 4.5 90 113.5 269
® 24 Thermal/Pressure Flight{ 6,0 120 {15.0 299
Cycles
® Vibration Test 1.0 20| 3.0 60
® Acoustic Test 0.8 161 2.0 40
Subtotal 33,7 673 134.7 602 122 .4 402 17.2 143
TOTAT,
Hr 9%
1910
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Table 7-13

DDT&E QUALIFICATION MODEL COST BREAKDOWN (LO,, INSULATION SYSTEM)
(HOURS AND 1973 DOLLARS IN THOUSANDS

AN N
Gddmadron

c4v10Q

s 0

S F1ISs I W

'

AHC IvHO8YT HOYVIS3Y OLTV OT1vd GIFHMNDO0T

v GCIINAIOD
$ vy
Yd
ve-L

lived

ANYIdWO

YIOer0

NO!
N

Engineering E\I:‘:’\l'/inn Dendnetion (({u:g:tx ‘Yl::(zﬁz:n]?m
 nr s [Hr s N Hr  $ | m T
Microsphere Processing 0.1 5
Spring Assemblies Fab. 0.2 4
Jacket Fabrication .
® Form 0.2 1
® Trim. Join (Including 5.3 b 1.6 26
Penetration)
Leak Check 0.4 8 0.5 8
® Solder Coat 0.1 2
Gold Coat 0.1 2 0.3 7
Tank Assembly
® Gold Cont UM} 2 0.2 5
® Bond sSprings 0.2 5
® Assemble Jacket, Struts, 0.1 5 1.1 19
Plumbing
® leak Check 0.2 4 2 4
® .Join Springs v.2 4 0.3 3
® Fill With Microspheres 0.3 [ 0.3 6
® Instrument 0.3 6 0.1 8
Thermal Performance Tests Included in l,llz Costs
Subtotal 2.3 4.6 5.7 108 3.0 60 1.8 94
TOTAL
Hr 15.3
3308
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DDT&E QUALIFICATION MODEL COST BREAKDOWN (LH
(HOURS AND 1973 DOLLARS IN THOUSANDS)

Table 7-14

IN

SULATION SYSTEM)

Engineering I-I\/’.r'\r:::t/i()n Production 8:::;3 ml:mrgﬁﬁ'ém
Hr 3 r 3| Hr 3 Hr § Hr ;
Microsphere Processing 0.3 9
Spring Assemblies Fab, 0.3 7
Jacket Fabrication
® Form 0.3 7
® ‘Irim. Join (Including V.5 10 3.0 51
penetrations)
® [.eak Cheek 0.5 i6 0.3 13
2 Solder Coat U.1 2
® (old Coat 0.1 2 0.6 12
Tank Assembly
® Gold Coat 0.1 2 0.1 9
® Bond Springs 0.1 7
® Assemble Jacket, Struts, 0.5 10 1.1 21
Plumbing
® leak Check 0.2 1 .3 3
Join Springs 0.1 6
® Fill With Microspheres 0.1 ~ 0.4 7
® Instrument (1} S 0.5 o
I'hermal Performance Tests 1.5 30 6.0 119
Subtotal 4.5 oo b o6lo 119f 9.2 169 | 6.3 120 |12 4 247
TOTAL
Hr 35,1
3754
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Table 7-

16

INSULATION SYSTEMS COST COMPARISON SUMMARY
(MILLIONS OF 1973 DOLLARS)

Hellum Parped Multibayver System . o
. : : Microsphere Bystoem
) . Orbiter (Hydropress Formed
Insulation Controls . :
‘ ontreis Purge System (Jacket)
(Includes Qualilication Modely
Nonrecurring Costs
Eng. & Dev, (DDTRE) 1. 2.6 S, ) (Includes Engineer-
1O, Insulation 0,7 ing and Qualifi-
LH, Insulation =00 ciation Models)
Ground Hardwiare
1.0, Insulation 0,2 0. 0,2} Pumping Svstem,
L1, Insulation 0,5 0.2) Leck Detection
Svstem
) G S, )
Subtotal L R L 3ol
Total 1.1 AP
Recurring Costs
HA ~
Production 17 Tuus Lo, by .~y
1.0, Insulation oon L onntY 20, e
- . : Rl
L1, Mmsulation B (H.“,]‘)( " 3.8 (U.'_".ll‘))( )
Initial Spares o 0.2 0.6 (O
Operations (243 Flights) [ [
Lo, Insulation 0.5 IR
LN, Insulation 0,0 0.0
S - U UGS
Subtotad AN R 6.8 |
Total 1T, l 2.6
(a) First Unit,
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Table 7-17

HELIUM-PURGED SUPERFLOC INSULATION SYSTEM WEIGHT

LOCKHEED PALO
LOCRHEED  Misst
A SUBSIDIARY OF

ALTO RESEARCH-LABORATORY

LES 4 sPACE COMPANY tNC
LOCKMHEED AIRCRAFT CORPORATION

I
LO, Tank | LHp Tank | Total Prorated
Zkg ke Burnout
Weight kg
e Superfloc Multilayers'® 18.6 39.0 57.6
® Purge Bag(b) 62.2 129.5 191.7
e Durge Distribution Hardware™ 2.3 5.0 7.3
e Purge Fairing™ 65.2 138.3 203.5
® DPenetration Panel(b) 28.0 28.0 56.0
® Shuttle Cargo Bay(a) 38.6 5.8
Related Weights
e Boiloft® 94.2 36.7
Total kg (Ib) 559 (1232)
(a) Same as goals.
(b) Scaled from hardware weights in Ref. 1-4.
Table 7-18
INSULATION SYSTEM WEIGHT COMPARISON
Goal Microsphere System
- . Prorvated Durnout | . . | ~}’“17‘(');'3{(‘(! Burnout
Weight kg Weisht he Weight ke Woight ke
1.0, nsulation Svstem I~ bs.n 16,8 116, 8
l.H: Insulation System ! 30,0 39,0 IR 180,
Tug Purge System il B - -
Shuttle Cargo Bav Related \\vighls’ BANH Jun - -
Boilorr™ J 91,2 86T 310 132, 6
Totals . ke (b 1022 (2 h CIULUN (9N
(1) I63-Hour Mission,
7-37
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Table 7-19 provides the thermal performance comparison of the systems. 1n this

case, the goal and Superfloc helium~-purged system arc assumed to be the same. The
microsphere system is superior by a factor of 6.2 to 7.3 during ground hold, hut the
Superfloc system is superior in spacc by a factor of 2,7 to 4,9 hecausc of the high radiation

heat transfer through the uncoated microspheres.

Synchronous equatorial payload performance comparisons for deployment, retricval,

and round trip missions are shown in Table 7-20 and summarized here.

Change (%)
Goal -
Microsphere System - 11.6
Superfloc System - 26.4
Superfloc System (w/o Purge Fairing) - 11.7

The Superfloc system and microsphere system are comparable if the purge fairing
used to distribute the helium gas beneath the Superfloc layers is eliminated; otherwise,

the microsphere system is superior.
7.8 PAYLOAD SENSITIVITY ANALYSES

The effect of changing microsphere bulk density, microsphere conductivity, and

boundary emittances on payload performance was calculated.

As can be seen from Fig, 7-13, payload performance improves only slowly as bulk density
decreases. On the other hand, decreasing the thermal conductivity using insulation
thicknesses optimized for a 163-hour mission provides a more rapid improvement in
payload performancec as shown in Fig. 7-14. Improving the quality of gold surfaces over
that of the test article and assuming the solid conduction goes to 0 in low gravity

results in an 8% improvement as shown in Fig, 7-14,
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Table 7-19
INSULATION SYSTEM THERMAIL PERFORMANCE COMPARISON

Equivident Boiloff
Do o Integrated Mission,
Ground Hold Space TH = 222°K (400 R) Lift Off to Last Burn ai
kg/hr (lb/hr) kg/hr (lh/hr) 163 hr ke(lh)
O Ly io) H
LO2 LH2 LG, “}‘2 I 2 L 9
Goal 123 219 0.48 | 0.37 29 65
(271) | (483) (i.06) |(0.83) (64) (144)
Microsphere 20 30 1.3 1.8 16 294
System (44) | (66) (3.0) |(4.0) (103) | (648)
Table 7-20

INSULATION SYSTEM SYN-EQ. PAYLOAD PERFORMANCE COMPARISON

Performance Partials Used

oP/L ap/L® 9P/L
i “ 4
aw cargo bay Winert "Wisiloft
Deployment - 0,39 -2.6 - 0.98
Retrieval ~-0.24 - 1.6 - 0.60
Round Trip - 0.15 - 1.0 - 0.39®

(a) From Ref. 2-1.

Payload Performance
Change (%)
Event Goal Microsphere ' ‘
kg (1h) System He~Purged Multilayer System
With Purge Without Purge
Fairing Fairing
Deployment = 3597 (7930) - 11,6 - 26.5 - 11.8
Retrieval 2 2260 (4982) - 11,4 - 25.9 - 11.5
Round Trip = 1370 (3020) - 11,8 - 26,7 - 11.9
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MICROSPHERE BULK DENSITY (LB/FT3)
4.0 5.0 6.0

1 v l§ N |

APPLIES TO 41.4-HR MISSIONS
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Fig. 7-13 Payload Performance Sensitivity to Microsphere Bulk Density
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Fig. 7-14 Payload Performance Sensitivity to Microsphere Thermal Conductivity
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Scetion 8
CONCLUSIONS

Based on the results of this development program, the microsphere/flexible jacket

system performed successfully; the required engineering data are now available to

scale the system to other tank sizes, shapes and applications. Detailed conclusions

from the program follow:

The spherical vacuum jacket expands and contracts in the clastic range.
Design cquations quantify the stress/strain curves and elastic limit as a
function of wedge dimensions and strain., Uniform radial strain as a function
of membrane stress up to the elastic limit for tank shrinkage and expansion
is the criterion used for sizing the wedge height.

The jacket wedges should point inward toward the tank if the system is designed
to operate continuously in the atmosphere (does not apply to the Space Tug).
The above wedge configuration minimizes the chance of accidental wedge
damage (if the required insulation thickness is sufficient to permit this design).
The formed 321 stainless steel jacket cxpansion wedges, stiffened arcas. and
0.08 mm (0. 003 in.) thick membrane areas remained vacuum leak-tight for
the 13 flight cycles. The jacket arca is 4.5 m? (48 ft2).

The 23.2 m (76 ft) of welded jacket joint remained vacuum leak-tight for the
13 flight cycles.

The soldered jacket final closure jeint was highly unreliable and should be
replaced with a new welded joint of the design type shown in the report.
Vacuum pressure in the 10-3 to 10-5 Pa range was obtained in the insulation
as compared to the required value of 10_2 Pa under no load and 1 Pa

under 1-atmosphere load. Pumpdown times to 1 Pa from 1 atmosphere
required approximately 6 hours: lower pressures were obtained by eryo-
pumping action of residual C()2 in the insulation., Below 1 1a, the cvace-
uation time was controlled hy the filter sercens (designed to prevent flow of
microspheres into the pumps).  Higher flow conductnee sereens and larger

filter areas arc needed to reduce pumpdown time in the free molecular regime.
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The fluidizing technique is a rapid, cfficient method for filling the jacket
with microspheres.

The interior volume of microspheres can bhe evacuated using a vocuum
hakeout technique.

The rigid vacuum-jacket, tank support strut covers should he changed to a
thin-walled, convoluted, diaphragm-type design to load the microspheres
and prevent flow of microspheres under load from the jacket into the strut
region. This design would prevent the buckling that occurred in the wedges
surrounding the struts (nonc of the damaged wedges leaked).

The thermal performance of the insulation under no external load at 1-g is
dominated by radiation heat transfer (80'%. radiation, 20% solid conduction).
TFuture improvements in the insulation for no load applications should con-
centrate on reducing radiation heat transfer.

The thermal conductivity of the insulation under 1-atmospherc load remained
constant after seven flight cycles on the test tank and after a hundred 1-
atmospherc load cycles in {lat plate tests. Space Tug conductivity for the
LH2 tank is 3.8 X 1073 W/m°K (2.2 % 10-3 Btu/hr-ft-°R), 280 to 20°K.
The thermal conductivity of the insulation under no load remained constant
through seven flight cycles on the test tank (within the accuracy of the test
measurcment). No change occurred following a hundred 1-atmosphere load
cycles in flat plate tests. Spacc Tug conductivity for the LH2 tank is

9.7 x 107 W/m°K (1.6 X 107 Btu/hr ft °R), 222 to 20°K.

A thermal model was developed that predicts microsphere thermal conductivity
as a function of boundary temperaturcs and emittance, compressive load, and
gas pressure.

No significant shifting or hreakage of the microspheres occured after 13
flight cycles. Earlier flat plate tests showed the same results following

a hundred l-atmosphere compressive Joad cycles.

Space Tug synchronous cquatorial payload performance (for deployment,
retriceval. and round-trip missions) was comparced with @ goal established in

Task 1. A purged multilayer system was compared with this goal as well.

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCHeHEED MES S LES 4 SPACE COMPANT tNC
A SUBS D ARTY O LOCKHEED AvRCRAST COPPORATION




Evacuated Microspheres (Hardware He Purged Multilayers (Ilardwarec
Weights Scaled From the Test Tank) Weights Scaled From Rel. 1-5)

- 11,6% - 26.47
(- 3.2% with (-11.7
improved gold w/o purge fairing)

coatings and kSC - 0)

® Advanced lower-cost methods for fabricating the jacket are shown in Section 7
and should be investigated in any future development work.
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